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A.  V.  Seregin 


Liquid  Rocket  Propellanitai 

Uost  of  the  rockets  designed  today  employ  chemical  . 
fuels.  These  are  substances  which  as  a  result  of.-ohenioal 
reactions  emit  heat  converted  by  various  engines*  Including 
rocket  engines,  into  work. 

The  state  of  aggregation  of  these  fuels  may  be  liquid, 
solid,  gaseous  or  a  combination  thereof.  For  a  number  of . 
reasons  rockets  use  only  liquid  or  solid  propellants*  and* 
very  rarely,  combinations  consisting  of  one  lic^uid  component 
and  one  solid  component.  '  & 

Liquid  propellants  are  fuel  n^txires,  whose  components, 
used  in  the  rocket,  are  fluids.  - 

The  present  book,  compiled  from  data  of  the  foreign 
literature,  describes  the  basic  properties  of  liquid  rocket 

propellants  and  the  characteristics  of  their  application  chiSf- 
ly  in  liquid  propellant  engines. 

The  book  is  designed  for  master-sergeants,  sergeants  and 
privates  of  the  armed  forces,  as  well  as  civilians  interested 
in  the  problems  of  rocket  technology. 
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In  the  history  of  humanity  the  twentieth  century  is  merked  by 
an  unprecedented  social  progress.  In  our  country,  ^e  largest 
country  in  the  world,  the  building  of  socialist  society  has  been 
completed.  At  the  22nd  Meeting  the  CPSU  adopted  a  neir  program  •- 
the  building  of  communist  society. 

Communism  is  not  only  the  elimination  df  ell  social  inequa- 
litles,  but  it  is  also  the  highest  step  in  the  evolution  of  man's 
spiritual  axid  material  life.  The  CPStJ  program  underscores  that 
"the  achievements  of  Soviet  science  are  a  clear'  manifestation 
of  the  supremacy  of  the  socialist  order,  an  Index  of  the  unlimited 
possibilities  of  scientific  progress  and  its  growing  role  under 
socialism."  Our  country  was' the  first  in  the  world  to  employ 
nuclear  energy  for  peaceful  purposes;  by  launching  artificial 
earth  satellites  it  paved  the  way  into  outer  space,  in  its 
program  our  party  pledges  that  one  of  its  tasks  will  be  "the 
further  rapid  development  of  advance  rocket  technology  first 
of  all  in  the  field  of  air  transport  and  also  for  the  conquest 
of  outer  space." 

Rockets  are  not  only  means  for  penetrating  into  outer 
space,  exploring  the  planpts  and  the  sun,  but  they  are  also 
basic  weapons  of  oiir  army.  The  CPS(7  program  says  that  "the 
Soviet  State  will  see  to  that  its  armed  forces  b.e  powerful  <aad 
be  equipped  with  the  latest  means  for  defending  the  Fatherland^ 
such  as  atomic  and  thermonuclear  weapons,  rockets  of  all  ranges..." 

Man  had  knowledge  of  rockets  since  the  eaflieSt  times.  There 
is  evidence  that,  the  first  rocket  appeared  in  China  many  years 
prior  to  our  era.  Yet,  despite  such  a  long  history,  tintil  the 
forties  of  this  century  the  development  of  rdcket-propellsd  vehiol«5 
was  at  a  very  low  level.  Eie  lagging  behind  of  rocket 
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teohriology  during  the  first  half  of  the  tv;entieth  century  ie 
chiefly  due  to  the  inauffio lent  development  of  soienoe  and 
technology.  The  modern  Ion  range  rockets  are  the  result  of.  , 
concerted  efforts  by.  nearly  all  the  branches  of  soienoe  — 
physics,  chemistry,  radio  engineering,  mathematios,  metallurgy, 
thermodynamics  and  others.  The  level  reached  by  rocket  techno¬ 
logy  In  any  country  is  an  index  of  that  country's  overall  develop¬ 
ment.  It  is  for  this  reason  that  serious  progress lin  designing 

rockets  capable  of  flying  hundreds  and  thousands  of  kilometers 

whleh  are, 

can  at  the  present  time  be  achieved  by,^only  two  count ries/lBDBX 
advanced  economically  and  industrially,  the  Soviet  Union  and  the 
United  States  of  America.  It  is  significant  that  in  rocket 
technology  the  USSR  has  a  long  lead  over  the  USA, 

The  characteristics  of  a  rocket  depend  to  a  great  extent 
on  the  proper  choice  of  the  propellant,  its  power  and  performance 

t 

parameters.  In  a  rocket  ready  to  launch  on  the  pad  fuel  repre¬ 
sents  the  chief  part  of  its  weight.  In  long-range  rockets  a  con- 

take-o^  'LA-^  i, 

siderable  ;  portion  of  weight  at/-T"^  is  taten  up  by  the  propellant 
Farther  improvement  of  rocket  engines  is  aimed  in  the  first  place 
at  devising  and  applying  new,  more  concentrated  soxirces  of  energy 
suited  for  use  as  propellants  of  rocket  engines. 
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Chapter  Z 
QBNBRAL  DATi. 


Section  1«  Liquid  Rooket  Prbp^llanty 

In  liquid  rocket  propellants  the  heat  to  h#  oonrerted  t*  « 
work  la  most  frequently. obtained  as  a  result  of  the  i^tMlosl  re¬ 
action  of  combustion.  l.e«,  a  turbulent  rem>tloii  ffos  the  oxida¬ 
tion  of  one  substance  by  another.  The  oxidizing  substance  is 
called  oxidizer,  and  the  oxidized  substance  is  called  fhel. 

In  other  heat  engines  usidg  liquid  propellant^  including 
ran- Jet  engines «  the  vehicles  carries  only  the  fuel  vhile  the 

oxidizer  (air)  is  taken  fron  the  surrounding  mediuS.  Vehicles 

/ 

driven  by  liquid  propellapt  rocket  engines  (IfB5)  carried  both 
the  fuel  and  the  oxidizer.  Hence  the  propellant  Of  aa  IfSX  is 
understood  to  be  the  totality  (propellant  ooDpositienI  of  sOb^ 
stances  participating  in  the  chemical  reaction  releasing  heat. 

The  substances  Entering  into  a  propellant  eompesition  ars- 
called  components. 

B f propellants  (Fig.  1)  oonnlst  of  two  separately  stored 
fluids  (components)  of  which  one  is  the  oxidizef  (liquid  oxygen, 
nitric  acid,  liquid  fluorine,  etc.)  and  the  OtheS  the  foel 
(kerosene,  alcohol,  etc.). 

Heat  oan  be  obtained,  however,  not  only  from  the  OheBloal 
reaction  of  combustion  but  also  from  such  other  chemical  reactions 
as,  e.g.,  the  decomposition  of  certain  oheSioal  oospounds,  and 
others. 

When  using  the  decompositl  on  reaction  to  release  heaib  in 
the  LPRE  we  can  obtain  a  propellant  consisting  only  of  one  oo»- 
ponent  and  which  is  called  a  monopropellan'^ .  '  ' 

Another  method  for  creating  monopropellants  is  to  prepare 
mixtures  of  fuel  and  oxidizer  which  under  normal  conditions  do 


ndt  ignite  spontaneouely  and  can  therefore  be  carried  in  a  single 
1 

container  .  .. 

Frequently  various  admixtures  are  Introduced  In  the  propellant 
components,  e.g.,  to  create  better  condltloiis  for  the  flow  of  the 
reaction,.  02*  to  slow  It  down  or  stop  It  ^1  together.  In  the  former 
case  they  are  called  oatalyzere,  and  In  the  latter  Inhibitors. 

Depending  on  whether  the  prophllant  starts  burning  with  or 
without  an  external  flame,  they  are  classified  as  hypergollo  and 
ancrgollo  propellants., 

V 


Fig.  1.  Classification  of  liquid  rocket  propellants 

The  choice  of  the  propellant  for  the  IFRS  depends  on  the 
purpose  of  the  engine  and  of  the  rocket  itself,  and  also  on  the 
state  at  which  rocket  technology  finds  Itself  at  that  time.  To 
understand  these  questions  we  must  acquaint  ourselves  with  the 
design  of  the  engine  proper  and  study  some  general  problems  re- 
lating  to  the  use  of  rocket  propellanjs  In  LPRS's. 
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rocket  power  plant  la  underatood  to  be  the  totality  of 
all  the  units  designed  to  aet  the  rocket  In  motion.  It  oonalata 
of  the  rocket  engine  (RE)  proper,  the  propellant  tanka*  ajaten# 
for  feeding  the  propellant  into  the  oomhuatlon  chamber  and  the 
automatic  devices  controlling  the  engine's  performance. 

!Die  rocket  engine  conalsta  of  three  basic  parts  (Pig.  2}t 
injector,  combustion  chamber  and  nozsle. 


i 


Conbuetioa 


'  '  Oxidizer-/.  '  j  . 

Fig.  2.  Diagram  of  rocket  engine 


e 

The  engine  Injector  contains  the  holes  through  irtilch  the 

\  ^ 

pnopellant  components  are  fed  into  the  combustion  chamber.  Ihej 
must  be  so  placed  as  to  ensure  the  required  spraying  and  mixing 
of.  propellant  components  fed  into  the  chamber.  The  degree  of 
spraying  and  mixing  of  propellant  components  depends  on  the 
number  of  sprayers  and  on  their  design.  The  many  designs  exist- 

■  '  ''-h. 
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Section  2.  Rocket  Bower  Plan^ 

The  reokat  power  plant  la  understood  to  be  the  totality  of 
all  the  miits  desired  to  set  the  rocket  In  motion.  It  oonsists 
of  the  rookot  engine  (RE)  proper,  the  propellant  tanka,  ayateaa 
for  feeding  the  propellant  into  the  oombustlon  chamber  and  the 
automatic  devices  controlling  the  engine's  performance. 

The  rocket  engine  consists  of  three  basic  parts  (Fig.  2)t 
Injector,  combustion  chamber  and  nozzle. 


1 


The  engine  Injector  contains  the  holes  through  idileh  the 
propellant  components  are  fed  Into  the  combustion  chamber.  They 
must  be  so  placed  as  to  ensure  the  required  spraying  and  mixing 
of  propellant  components  fed  into  the  chamber.  The  degree  of 
spraying  and  nixing  of  propellant  components  depends  on  the 
number  of  sprayers  and  on  their  design.  The  .nany  designs  exist- 
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Ing  can,  according  to  the  operation  principle,  be  grouped  Into 
two  claaaea,  eentrlfuKa;!  and  .let  manifolds.  '  ' 

The  latter  are  verj;  simple  In  design,  being  small-slze  holes 

*  .  .  y  ^ 

(of  from  0.8  to  2*5  mn^  In  diameter)  drilled  Into  the  ’mygctor  head 
In  such  a  fashion  that  We  fuel  and  oxidizer  Jets  omitted  by  them 
oolllde,  thereby  providing. d  thorough  spraying  and  mixing. 

The  advantage  of  Jet  da^Jlfolds  oonslsts  In  the  slmpllolty  of 
their  design.  Propellants  with  a  high  viscosity  and  hlc^  surface 
tension,  however,  are  Insufficiently  atomized  and  dhtedmixed 
when  fed  Into  the  combustion  chamber  through  Jet  manifolds;  this 
leads  to  Incomplete  burning  of  the  propellant  and  to  a  reduced 
performance  rate  of  the  engine* 

Centi'lfugal  manifolds  are  more  complex  In  design  but  they 
ensure,  with  the  same  pressure  variation  as  in  Jet  manifolds,  a 
better  spraying  of  the  propellant  and,  hence,  a  better  Intermix¬ 
ing  of  the  components.  Prior  to  being  Injected  Into  the  oombustlon 
chamber  the  propellant  component  Is  whirled  In  the  centrifugal 
manifold, whence  the  fluid  Is  ejected  in  the  form  of  a  thin  film 
which  readily  disintegrates  Into  droplets.  of  the 

propellant  Is  performed  either  by  means  of  a  speftial  screw  In¬ 
serted  In  the  centrifugal  hanlfold  (Fig.  3»  a)  or  by  so  intro¬ 
ducing  the  fluid  Into  the  hollow  of  the  manifold  that  prior  to 
ejection  It  acquires  a  certain  rotative  speed  around  the  mani¬ 
fold's  axis  (Fig.  3,  b).  This  Is  attained  by  Injecting  the  fluid 
laterally  rather  than  axially.  Such  manlf elda  are  hanwa  as 
tangential,  centrifugal  manifolds. 


!I!he  oxidizer  and  fuel  manifolds  In  the  in jeotor  head  are 
arranged  In  a  certain  order  ~  checkered,  honey-combed,  concentric 
(Pl6.  A). 


o- Oxidizer  manifolds 
•-Fuel  manifolds 


Pig,  A,  Arrangement  of  Manifolds  In  Injector, 
a  -  staggered;  b  -  hAneycOmb;  o)  concnetrlo 


To  form  a  protective  cooling  film  on  the  combustion  chamber 


wall  «md  the  manifold,  a  number  of  fuel  injection  holes  is  pro¬ 
vided  on  the  borders  (periphery)  of  the  'The  fuel  injected 

from  these  holes  mixes  with  the  oxidizer  oz^y  in  part,  ^diHe  Its 

bulk  hits  the  combustion  chamber  wall  where  it  forms  si  Auid 

...  '  lajeotor  ' 

film  whloh  in  a  certain  distance  from  the  a.-,  becomes  vapor. 

This  vapor  film  covers  the  engine  walls  to  the  nozzle  exit.  Its 
purpose  is  to  protect  the  combustion  chamber  walls  and  the  ndzzle 
from  the  action  of  hot  gases  whloh  are  the  products  of  propellant 
combustion. 

Host  of  the  existing  LPRE's  use  centrifugal  manifolds  since 
they  ensure  a  better  atomization  of  the  fuel  them  Jet  manifolds. 

For  propellants  ^ose  components  occasionally  ignite  spontaneously. 
Jet  manifolds  are  used. 

LPRE  combustion  chambers  may  be  of  vaiHouB  shapes,  e.g.,  ■ 
cylindrical,  spehrical,  pear-shaped,  eto* 

The  processes  taking  place  in  the  combustion  chamber  are  the 
atomlzatio^f  propellant  components,  their  mixing  and,  of  course, 
combustion  itself.  Chemical  energy  in  the  propellant  is  converted 
by  combustion  to  heat  energy.  Design  and  size  of  the  chamber 
must  be  such  that  the  propellant  can  bum  up  completely,  l.e.,  that 
the  conversion  of  chemical  energy  to  heat  energy  bo  as  complete 
as  possible. 

Completeness  of  propellant  combustion  depends,  on  the  one 
hand,  on  the  time  the  propellant  stays  in  the  combustion  chamber 
and,  on  the  other,  on  the  (hemlcal  activity  of  propellant  componehtp 
l.e,,  on  their  burning  rate.  The  greater  the  propellant  burning 
rate,  the  less  time  it  is  required  to  stay  in  the  chamber. 

Propellant  residence  time  in  the  chamber  can  be  determined 
by  the  size  of  reduced  chamber  length. 


Ihls  la  understood  to  be  the  r&tlo  of  combustion  chamber 
3  " 

volume  m  .  to  the  area  of  throat  .  (narrowest)  ’  ‘  cross-: 

section 


The  greater  the  reduced  length,  the  longer  the  propellant  has  to 

stay  In  the  chamber,  the  more  coB^lete  Is  Its  combustion,  and 

the  more  complete  will  be  the  conversion  of  the  propellant's 

chemical  energy  '  to  heat  energy.  The  reduced  length  of  the 

hom^stlon  chamber,  however,  oannot  be  increased  ad  infinitum 

since  for  an  assigned  combustion  pressure  this  will  lead  to  an 

Increase  in  the  chamber's  dimensions  and,  consequently,  to  Ixt- 

creaslng  the  engine's  weight'.  For  this  reason  it  is  sought,  as 

the 

a  rule,  to  have  the  LPRE  chamber  of  exactly^length  required  for 
a  perfect  combustion  of  the  propellant. 

Completeness  of  combustion  in  the  chamber  is  rated  by  the 
pressure  L.pulse.  This  la  the  ratio  of  the  product  of  pressure 
at  which  propellant  combustion  takes  place  in  the  engine  chamber 
times  the  throat  cross-section  area,  to  propellant  consumption 
per  second: 


Ocsea 


a- 


where  ^  is  pressure  ...pulse,  in  kg  sec/kg; 

p  Is  pressure  in  the  combustion  chamber,  in  kg/cn^; 

Fg|^  is  the  [areal  :  .  throat  -  cross-sectiont  in  ca^; 

^sec  propellant  per  second  la  the 

e 

engine,  in  kg/seo. 

The  greater  the  pressure  '  pulse  Kalue,  the  more  complete  is 
propellant  combustion.  This  value  can  be  defined  experimentally 
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and  by  computation. 

Iheoretloal  computation  of  pressure  pulse  value  Is  done  under 
the  assiuqptlon  that  100^  of  the  propellant  Injected  Into  the 
combustion  chamber  Is  transformed  Into  oombustlon  produots.  By 
comparing  the  theoretload  pressure  pulse  with  ^at  deterialned  ex* 
perlmentiLlly  we  can  define  the  chamber  coefficient  tihlOh  shows 
the  portion  of  propellant  Injected  Into  the  combustion  chamber 
that  participates  In  the  combustion  reaotlons  : 


Combustion  chamb^s  of  modern  LPRE  have  high  values  of 
(from  0,95  to  0.98).  Thus,  chemical  energy  of  the  propellant 

/a  ; 

in  the  oombustlon  ohaunber  Is  almost  entirely  converted  Into 
heat  energy. 

The  nozzle  at  the  end  of  the  combustion  chamber  Is  a  combina¬ 
tion  of  a  converging  and  a  diverging  cone.  The  p\irpose  of  the 
nozzle  Is  to  accelerate  the  gas  from  velocities  of  several 
tens  of  meters  per  second  to  velocities  of  a  thousand  meters  per 
second,  l.e.,  to  convert  heat  energy  released  by  the  propellant 
bumlQS  In  the  chamber  **  to  kinetic  energy  of  the  Jet  (velocity 
energy)  of  gases  ejected  by  the  rocket  —  the  combustion  products. 
It  Is  In  the  nozzle  that  the  reaction  or  thrust  mOvlng  the  rocket 
Is  formed. 

In  the  converging  oone  of  the  nozzle  the  Jet  of  propellant 

gases  Is  accelerated  to  sonic  velocities.  In  the  throat  the 

exactly^ 

gas  jet  attains  ■  \  a  velocity  equal^to  that  of  sound  In 
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a  gas  at  a  temperature  and  with  a  cpmposltlon  In  this  cross- 
section. 

HhQ  speed  at  which  sound  propagates  In  gases  li  not  constant. 

It  depends  on  the  temperature  and  composition  of  the  medlua  and 
Is  defined  bj  the  formula 

a«|/ 

where  a  Is  speed  of  sound,  n/aeot 

k  Is  the  exponential  adiabatic  expansion  cuirve,  depends  on 
propellant  composition; 
g  Is  acceleration  of  gravity,  m/sec^; 

R  Is  the  gas  constant,  kgm/degrees  kg  mole; 

T  Is  absolute  gas  temperatdre,  (absolute  temperature  Is 

*  0 
equal  to  gas  temperature  In  centlgrades  plus  273  »  measured 

In  degrees  Kelvin). 

In  the  diverging  part  of  the  nozzle  the  gas  attains  supersonic 
velocities. 

As  It  moves  through  the  nozzle,  gas  pressure  constantly  drops 
from  a  value  equal  to  combustion  chamber  pressure,  to  pressiu'e  at 
the  nozzle  exit. 

Pressure  at  nozzle  exit  may  vary  according  to  the  geometric 
shape  of  the  nozzle.  Nozzle  dimensions  are  so  chosen  that  at  the 
exit  pressure  of  the  expanding  gas  Jet  be  equal  to  ambient  pressure, 
l.e.,  to  the  pressure  of  the  medium  In  ydilch  the  engine  performs. 
Under  such  conditions,  engine  performance  Is  most  economlcaO.. 

As  the  rocket  Is  lifted  to  high  altitudes  Its  engine  operates 
In  a  medium  with  variable  pressiure.  Variations  of  eimblent  pressure 
can  virtually  take  place  from  1  kg/cm^  (engine  performs  on  the 
ground)  up  to  pressures  equal  to  zero  (the  rocket  reaches  altitudes 


Of  al>out  100  km  and  higher  .  Hence  pressure  at  nozzle  exit  Is 
chosen  for  hl^-altltude  rockets  In  Accordance  with  the  altitude 
at  which  the  rocket  is  expected  to  stay  longest  Hth  a  perform¬ 
ing  engine. 

Uie  greater  the  expahalon  to  which  the  gases  Ijs  the  nozzle 
are  subjected,  the  greater  the  conversion  rate  of  heat  energy  In¬ 
herent  In  them  .  bo  kinetic  energy  of  the  ga|  Jet, 

Depending  upon  the  composition  of  propellant  oombustlon 

products, ,i.e.,  on  the  type  of  propellant,  conversion  of  heat 

energy  into  kinetic  energy  occurs  at  varying  degrees.  Since 

with  Identical  temperature  and  pressure  the  volume  of  various 

gases  with  a  weight  equal  to  their  molecular  weight  is  identical, 

it  follows  that  the  smaller  their  molecular  weight,  the  larger 

the  volume  taken  up  by  X  kg  of  combustion  products.  Thus, 

the  smaller  the  molecular  weight  of  combustion  products,  the 

more  gases  are  being  formed  ((aH  other  oonditlons  being  equal) 

and  the  more  work  they  can  perform. .From  this  viewpoint  the 

best  propellants  are  those  with  ^Igh  hydrogen  content  since 

large  quantities  of  water  vapor  H2O  with  a  low  molecular  weight 

(18)  are  being  formed  *■  they  bum.  Propellants  with  a  high 

carbon  content  are  of  the  lowest  quality  since  during  combustion 

carbon  forms  carbon  dioxide  CO2  with  a  molecular  weight  44.  Even 

be  f  o^lnd ' 

lower  properties  will  >1  propellants  using  metals  as  fuels, 
o.g.,  aluminum  whose  oombustlon  Is  accompanied  by  the  formation 
of  alumina  Al20^  with  molecular  weight  102. 

Gases  passing  from  the  combustion  chamber  Into  the  nozzle 
have  a  spefciflc  margin  of  heat  energy  equal  to  the  product  of 
their  specific  heat  and  tenqperature.  Gas  temperature  in  the 
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chamber  Is  about  3.000  to  3.500°C.  At  the  nozzle  exit  It  Is  lower 
than  In  the  combustion  chamber,  yet  It  may  still  be  sufficiently 
high  (about  900  to  1,000°C^  Thus,  gases  ejected  from  the  engine 
through  the  nozzle  still  have  a  large  margin  of  heat  energy, 

Ihe  dlstanoe  between  heat  energy  In  the  gas  inside  the  com¬ 
bustion  chamber  and  Its  heat  energy  at  Its  exit  from  the  nozzle 
Into  the  surrounding  medium  corresponds  to  that  amount  of  heat 
energy  which  can  be  converted  '  to  kinetic  energy  of  the  ejected 

gas  Jet, .  However,  not  all  the  heat  energy  difference  is  fully 

being 

converted  .to  kinetic  energy,  a  part  of  It  lost  In  the  nozzle 
to  friction,  heat  transfer  to  the  walls,  to  the  foxmiatlbn  of  the 
Jet  velocity  component  directed  perpendicularly  to  the  engine 

.  ^d  therefore  not  producing  thrust,  etc.  These  losses  are 
known  as  nozzle  coefficient.  As  a  mile  its  value  ranges  from 
0.92  to  0*95.  i«e*,  from  8  to  5^  of  heat  energy  Is  lost  In  the 
nozzle  for  no  purpose. 

The  product  of  chamber  coefficients  and  nozzle  coefficients 
yields  the  aggregate  value  of  the  ea'3;lne  coefficient,  also  called 
the  specific  Impels*  coefficient.  The  engine  coefficient  shows  the 
extent  to  which  engine  design  Is  perfect  from  the  viewpoint  of 
converting  In  It  chemical  propellant  energy  '  ito  kinetic  energy 
of  outflowing  combustion  products. 


Section  3.  Engine  Cooling 

As  the  propellant  burns  in  the  combustion  chamber,  exceed¬ 
ingly  large  amounts  of  heat  are  released.  To  compare  various 
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engines  %o  each  other  bj  the  thermal  stress  In  the  cPi^bustlon 
Phambena,  the  concept  of  total  calorific  value  9f  probellan^  has 
been  estebllihed.  This  Is  understood  tp  be  the  amount  of  heat 
released  In-a  yolume  unit  of  combustion  chamber  where  prope^ant  > 
combustion  takes  placf. 

Liquid  propellant  rocket  engines  are  machines  under  heavj 
thermal  stress.  Following  az^e  total  calorific  values  of  propellants 


for  some  heat  engines i 

’  •• 

Total  calorific  value. 

kcal/1 

Modem  water  tube  boiler 

0.3  -  1.0 

VRD  combustion  chamber 

22.2  -33.0 

LPRX  combustion  chamber 

V ; 

V 

500  -  4,700 

As  Is  seen  from  these  data,  thermal  stress  of  rocket  engines 
Is  hundreds  and  thousands  of  times  higher  than  that  of  other  heat 
engines.  Hence  If  cooling  has  not  been  carefully  deylsedfi  the 
material  of  the  rocket  engine  will  not  withstand  sUch  high  thermal 
stresses  and  burn  out.  The  problem  of  cooling  the  rOeket  en¬ 
gine  is  complicated,  by  the  fact  that  propellant  com¬ 
ponents  can  be  used  as  a  coolant,  trtilch,  as  a  rule,  have 

a  lower  cooling  power  than  watei^used  for  this  purpose  In  nearly 
all  the  other  types  of  heat  engines. 

There  exist  two  methods  of  cooling  rocket  engines,  vis., 
reKeneratlwe  (external)  and  Internal  cooling. 

Externally  cooled  combustion  chambers  and  nozzles  are  pro-  . 
vlded  with  double  walls.  Calibrated  wires  or  special  extrusions 
provide  between  the  Inner  and  outer  wall  a  1  to  1.5-mm  clearance 
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which  represents  the  cooling  Jacket.  One  of  the  propellant  coa- 
ponents  used  ass  a  coolant  is  fed  to  the  collector  In  the  nozzle 
and  passes  then  thl4ugh  the  cooling  Jacket  washing  the  inner  wall 
of  the  engine,  l^oai  the  space  bejohd  the  Jacket  the  component 
flows  to  the  injector  and  is  admitted  through  its  holes  to  the 
combustion  cheimber. 

V/hen  flowing  through  the  cooling  Jacket  the  propellant  component 

o 

is  usually  heated  to  about.  100  to  110  C.  Irrespective  of  how 
intensive  external  cooling  may  be,  virtually  no  heat  la  lost  since 
that  removed  from  the  engine  by  the  coolant  returns  almost  entire¬ 
ly  to  the  combustion  chamber  as  the  heated  propellant  component 
flows  into  it.  Hence  with  external  cooling  a  minimum  amount  of 
heat  should  be  removed  from  the  engine  to  prevent  pitting  of  the 
walla.  But  the  magnitude  of  the  heat  flux  removed  in  external 
cooling  is  limited  by  the  properties  of  the  propellant  components. 

For  exaaple,  in  cooling  with  kerosene  (or  any  other  hydrocarbon 
fuel),  at  a  temperature  known  as  thermal  decomposition  temperature 
the  kerosene  begins  to  decompose. 

Thermally  decomposing  hydrocarbon  fuels  separate  solids  with 
a  high  carbon  content  which  precipitate  on  the  engine  walls.  This 
deposit  has  a  very  low  thermal  conduction,  owing  to  which  heat 
transfer  from  the  heated  engine  wall  to  the  fluid  sharply  drops 
and  the  combustion  chamber  Ignition  plate  may  bum  out. 

Of  great  Importance  Is  such  a  property  of  the  propellant 
component  as  boiling  point  with  pressure  In  the  cooling  Jacket. 

If  the  coolant  boiling  point  is  sufficiently  low,  already  at 
low  heating  the  fluid  boils  near  the  combustion  wall  surface. 

Surface  boiling,  if  not  too  Intensive,  may  even  improve  cooling. 
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Bubbles  l.'^prove  the  mixing  of  the  coolant  and,  hence.  Improve  heat 
transfer  to  the  fluid.  But  If  near  the  copied  surface  there  fofms 
a  solid  vapor  film  rather  than  individual  bubbles, then  It  will 
prevent  heat  transfer  from  the  engine  wall  to  the  coolant  by  act¬ 
ing  as  some  sort  of  a  thermally  insulating  layer  because  of  its 
low  heat  donduotlon. 

Rocket' engines  with  ah  operation  duration  as  short  as  one  . 
minute  cannot  always  be  cooled  by  regenerative  means  alone.  The 
engines  of  long-range  rockets  operate  for  1.3  to  2  min  and  more. 

To  prevent  the  burning  out  of  nozzle  and  combustion  chamber  walls,, 
such  engines^ in  addition  to  external  cooling  by  one  of  the  propellant 
components,  must  also  be  cooled  internally. 

!lhis  is  effective  by  feeding  one  of  the  propellant  components 

'  i  ■  .  • 

(usually  this  fuel)  to  the  combustion  chamber  wall.  Then  therejforms 
a  thin  fluid  film  which  protects  the  wall  against  the  immediate  actidn 
of  hot  gases,  Ihe  propellant  component  producing  the  protective 
film  can  be  fed  to  the  wall  at  any  cross-section  of  the  combustion 
chamber.  The  simplest  way  is  to  supply  the  component  thzH}ugh 
holes  in  the  border  of  the  ; injeotot.-jc...:. .  Ibe  fuel  film  on  the 
wall's  surface  hardly  mixes  with  the  oxidizer,  hence  near  the 

It  does  virtually  not  participate  in  the  combustion 
process.  Further  away  from  the  injeotbr  ^  -  the  film  becomes 

thinner  on  account  of  evaporation,  a  certain  distance  from  it-, 

;■  the  fluid  film  evaporates  completely  and  becomes  a 

vapor  film,  Ihe  latter  gradually  mixes  with  the  combustion  pro¬ 
ducts,  btirns  out  and  becomes  thinner  and  thinner  towards  the 
nozzle  exit. 
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In  some  rocket  enslnes  the  pooteotlve  film  admitted  through 

holes  In  the  •  injector  does  not  reach  the  throat,  because  it 

Ifi  fully  eliminated  by  bumlng-off  and  mixing  with  burning  gases.  . 

Such. engines  are  provided  with  several  cooling  belts.  a  certain 

distance  from  the  injector,-  -  holes  are  drilled  into  the  combustion 

chamber  walls  through  which  the  fluid  component  Is  emitted  frpm 

the  jacket  space.  Ihese  Intermediate  cooling  belts  make  It  possible 

over 

to  obtain  a  protective  film  the  entire  combustion  chamber  length 
to  the  nozzle  exit. 

Unlike  the  case  of  external  cooling,  heat  losses  su:*e  Involved 

In  Internal  cooling.  The  fuel,  admitted  directly  to  the  combustion 

chamber  wall  does  not  mix  with  the  oxidizer.  -  As  It  flows  along  the 

wall  to  the  nozzle  exit,  the  fuel  burns  out  only  In  part,  while 
is  ezpelleV 

most  of  It  /- — r^by  the  nozzle  In  the  form  of  vapor.  Consequent¬ 
ly  the  combustion  chamber  coefficient  which  Indicates  the  part  of 
the  propellant  Injected  Into  the  engine  which  burns  out  completely, 
decreases,  l.e.,  fuel  recovery  rate  decreases.  Rocket  engines  are 
therefore  chiefly  externally  cooled,  and  Internal  cooling  Is  used 
only  as  secondary  to  regenerative  cooling. 


Section  4.  Analysis  of  Rocket  Propellant  Efficiency 

Propellants  are  a  source  of  energy  which  through  the  engine 
Is  Imparted  to  the  vehicle.  Telocity  ajid  range  of  the  vehicle 
with  a  specific  propellant  load  depend  on  the  efficiency  of  the 
propellant.  There  are  two  methods  for  evaluating  this  efficiency, 
the  thermodynamic  and  the  ballistic  method.  The  thlarmodynamlc 
analysis  disregards  the  aehlcle's  structural  characteristics. 
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The  method  consists  in  determining  the  thrust  of  the ' engine  per 

one  kilogram  of  propellant  consumed  In  one  second.  This  quantity 

Is  known  as  specific  Impulse.  The  propellant's  efflclstnoy  Is 

directly  proportional  to  Its '  specif lo  Impulse*  : 

The  latter  can  be  determined,  by  either  test^^'dlreotly.  In  the 

engine,  or  theoretically  by  computation.  The  value  of  speoiflo 

Inpulke  depends  not  only  on  the  propellant's  power  parameters  but 

also  on  the  combustion  products  expansion  rate  they  are 

aS' 

ejected  from  the  nozzle.  Ihus  a  propellant  tested  In^englne 

having  Identical  pressure  at  nozzle  exit  (e.g.,  ambient  pressure 

1  atmosphere)  and  a  different  pressiire  In  the  combustion' chamber* 

the 

develop  a  speoiflo  Impulse  all  the  greater  the  hlgher^pressure 

is  In  the  combustion  chamber.  Hence  the  power  parameters  of  various 

under' 

propellants  must  be  compared  to  one  another^ldentlcal  application 
conditions  In  the  engine. 

The  power  parameters  of  bipropellants  also  depend  on  the  ratio 
at  which  the  components  are  admitted  Into  the  engine's  combustion 
chamber.  That  component  ratio  at  which  the  oxidizer  Just  suffices 
for  a  complete  coi^stion  of  the  fuel  (carbon  up  to  CO^  o^d  hydrpgea 
up  to  HgO)  la  said  to  bo  stolchlometrlo  .  It  Is  known,  however, 
that  to  obtain  mcuclmum  specific  Impulse  'the  propellant  componants 
should  be  Injected  Into  the  engine  notat.a  stoichiometric  ratio 
but  with  a  certain  fuel  siurplus. 

Evaluation  by  test  of  the  efficiency  of  rocket  propellants 
Is  carried  out  on  stands  by  measuring  the  thrdst  developed  by 
the  engine  and  propellant  component .  per  second.  Engine 
thrust  Is  defined  for  various  ratios  of  oxidizer  and  fuel,  and 
thus  Is  found  the  optimum  ratio  >dilch  with  a  given  propellant 


-  19 


consumption  /lelds  maximum  thrust.  Specific  impulse  is  defined 
as  the  ratio  of  thrust  developed  by  the  engine  to  propellant 
flow  rate-  per.  second,  l.e.,  the  aggregate  oxidizer  and  fueil 
flow  raM  ,  .  per  second. 

Specific  propellant  Impulse  is  but  slightly  dependent  on 
the  engine's  design  features.  For  this  reason  specific  Impulse 
calculated  theoretically  la  In  good  agreement  with  that  experi¬ 
mentally  determined  at  the  stand. 

To  determine  the  propellant's  performance  parajneters,  by 
computation  we  must  know  the  composition  and  temperature  of 
combustion  products  formed  In  the  engine's  combustion  cheunber 
at  a  prescribed  pressure.  If  we  know  the  composition  of  tithe 
oxidizer  and  the  fuel,  i.e.,  the  number  of  atoms  constituting 

i 

their  molecules^we  can  write  the  equation  of  the  combustion 
reaction  taking  place  in  the  combustion  chamber  auid  thus  deter¬ 
mined  the  composition  of  combustion  products.  For  example, 
if  kerosene  is  burned  in  liquid  oxygen. at  a  stolchlometrlo 
ratio  of  components,  the  combastion  reaction  equation  takes  the 
form: 

llOg  TOOg-^SHgO 

kero-  oxy-  carbon  water 
sene  gen  dioxide  vapor 

From  -this  equation  we  can  easily  determine  the  amount  of 
combustion  products  formed,  -that  is,  the  amount  of  carbon  dioxide 
and  water  vapor. 

Since  the  amount  of  heat  released  By  the  formation  of  carbon 
dioxide  and  water  vapor  is  known,  the  overall  heat  generated  by 
combustion  reaction  also  becomes  known. 

Such  a  simplified  computation,  however,  gives  only  an  apprcit  •- 
.Imate.  answer  to  the  question  as  to  the  composition  of  combustion 
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products  of  the  rocket  propellant  and  its  efficiency.  Vfhen  the 

propellant  burns  In  the  engine's  combustion  chamber,  temperatures 

o 

of  about  3*000  to  3*500  C  Ure  generated.  At  such  temperatures 

the  fuel  oxidization  prbduots  (carbon  dioxide  and  water  vapor) 

dissociate.  This  process  is  known  as  thermal  disBoelatloh.  The 
•  epnbuii'tioB 

higher  the  propellant  :  temperature*  the  Ipreuter  the  rate 

ot  gas  dissociation.  The  later  forms  a  number  of  hew  gaseous 
substances  such  as  carbon  monoxide  CO*  nitric  oxide  NO*  the  radioal 
(Nl*  atomic  and  molecular  hydrogen  H  and  Hg*  atomic  aind  molecular 
nitrogen  N  and  and  others.  As  pressure  in  the  combustion 
chamber  increases  at  the  same  temperature*  dissociation  of  ooso 


bustlon  products  decreases* 

Thus  propellant  combustion  In  rocket  engine  combustion  chambers 
is  associated  with  the  formation  of  combustion  products  which  are 
a  mixture  of  various  gases*  Dissociation*  i*e**  decomposition  of 
complex  molecules  into  simpler  and  lighter  ones*  bn  the  one  hand 
lowers  the  temperature  in  the  chamber  since  heat  Is  being  absorbed, 
and  on  the  other  hand  it  forms  gases  with  a  molecular  weight  smaller 
than  that  of  the  Initial  combustion  products.  To  compute  the 


temperature  and  composition  of  gases  (propellant  combustion  proo’ 
ducts)  Is  quite  laborious.  After  this  has  beeMoapletsd&I*  specific 
Impulse  which  la  the  basic:  parameter.'oCtIhe  efficiency  of  rocket 


propellants*  Is  defined  by  the  formula 


where  R  is  the  gas  constant*  kg- cm/degrees*  kg  mole; 

•  o 

T  Is  combustion  product  temperature  in  the  chamber*  X; 

k  is  adiabatic  pressure  Index; 


p  Is  pres sura  at  exit  plane  of  nozzle,  kg/cm^; 

p  Is  combustion  chamber  pressure,  kg/c«^, 
c 

The 

A  Specific  Impulse  calculated  In  the  above  fashlon-ls  Ide^. 

It  could  be  obtained  If  there  were  no  losses  In  the  combustion 

chamber  or  the  nozzle.  But  since  there -are  always  losses  In 

the  combustion  chamber  smd  the  nozzle,  and  their  values  are 

usually  known  for  engines  of  spekclflo  designs,  actual  specific 
to  be 

Impulse  Is  found  the  product  of  theoretical  specific  Inqpulse 

F  .  times  coefficient  ^  which  considers  the  losses  In  the 
sp.th  ' 

nozzle  and  the  combustion  chamber] 

where 

I 

V/e  see  from  formula  (l)  that  specific  Impulse  depends,  on  the 
one  hand,  on  the  expansion  rate  of  gases  In  the  nozzle  as  they  are 
expelled  from  the  engine,  which  Is  considered  by  the  factor 

and,  on  the  other  hand,  on  the  type  of  propellant. 

With  -  one  and  the  same  expansion  rate  of  sombuBtlon  products  In  the 

nozzle,  specific  Impxilse  depends  only  on  the  characteristics  of  the 

propellant  employed.  As  Is  seen  from  the  formula,  specific  Impulse 
'  tke 

is  the  greater,  the  hlgher^propellant  combustion  temperature;  this 
temperature,  however.  Is  proportional  to  propellant  calorific  power. 
Hence  the  chief  specification  for  a  rocket  propellant  Is  high 
calorific  -power. 

Specific  Impulse  Is  also  proportloneJ.  to  the  square  root  of 
R  (the  gas  constant  of  combustion  products)  which  la  R-848^^, 

1.0. ,  4t  is  equal  to  the  ratio  of  the  universal  gas  constant  to 
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the  molecular  wel^t  of  the  given  gas.  This  means  that  with 
oalorlfle  values  speftifie  Impulse  will  be  higher  In  those  propellants 
whose  oombustion  products  ;heve  a  smsller  molecular  weight. 

Jihusi  the  propellant  requirements  specified  esrller  are  now 
also  theoretlcslljr  corroborated* 

palllstlc  propellant  eval^atlffn.  Ibe  chief  propellant  effi¬ 
ciency  characteristic  for  the  ballistic  evaluation  is  the  range 
of  the  rocket  or  its  maximum  velocity  *t  the  end  of  the  aetlTS 
sector*  i.e.*  at  the  Instant  of  total  propellant  utilization.  Maxi¬ 
mum  rocket  veloolty  oan  be  defined  from  the  ^yslolkovskiv  eauatlqn 


V=2^^\gil  +^^\; 

V.  ‘vU, 


(2) 

where  V  Is  rocket  velocity  at  the  end  of  active  sector*  n/see| 

Ig  is  logarithm  slgnf 

g  is  acceleration  of  gravity*  n/sec^l 

P  Is  specific  Impulse  of  engine  operating  with  a  given 
•P  -- 

propellant*  kg  eec/kgi 

a  le  weight  of  propellant  carried  by  the  rocket  at  take-off* 
tone;  V 

-  Is  rocket  weight  without  propellant*  tone. 

W  e  w 

Ihe  weight  of  propellant  in  the  rocket  can  be  represented  as 

the  product  of  mean  specific  propellant  weight  d  and  the  volume  of 

P 

rocket  tanka  Qt 


Then  the  Tslolkovskly  equation  can  be  written 


The.  ratio  of  tank  volume  to  dry  weight  of  rocket  Is  the  rocket 


design  characteristic  (desip;n  index  or  weight  quality  Indicator 
of  the  rocket).  Bn  comparing  rocket  propeljants  with  one  and  the 
same  weight  quality  indicator  the  latter  can  be  set  equal  to  unity 
in  the  velocity  equation.  In  so  doing  the  Tslolkovskly  equation  (2) 
permits  to  deteimilne  the  effect  of  the  propellant  parameters  alone 
oh  maximum  rocket  velocity  at  the  end  of  the  active  sector: 

l.e.,  the  velocity  of  .  ..  the  same  rocket  propelled  by  different 

fuels  depends  on  two  Indicators,  specific  Impulse  of  propellant 
and  density  of  components.  A  propellant  is  all  the  more  effective, 
the  greater  it®  specific  impulse  and  Its  density. 

Computations  show  that  for  long-range  rockets  It  Is  more  u- 
pedlent  to  choose  propellants  with  high  performance  paramtteBe, 
i.e.,  propellants  with  high  spetlflc  Impulses,  even  If  their 
density  Is  low;  with  Increasing  rocket  range,  propellant. density  . 
gains  In  Importance* 

Section  5.  Propellant  Supply  Systems 

Rocket  propellant  tanks  are  designed  to  hold  the  propellant 
required  for  engine  supply.  From  the  tanks  the  propellant  Is  fed 
through  conduits  into  the  combustion  chamber. 

To  inject  the  propellant  Into  the  combustion  chamber,  it  must 
be  imparted  a  pressure  in  any  case  slightly  higher  than  combustion 
chamber  gas  pressure.  Propellant  pressure  should,  moreover,  be 
increased  by  a  quantity  required  for  its  atomization  and  mixing, 
and  also  by  the  amount  of  frictional  losses  and  propellant  whirls 
in  tlie  lines.  The  propellant  can  be  fed  into  the  engine  either 
by  forcing  it  out  of  the  tanks  (pressure  feed  system)  or  by 
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pumping  1^!  from  the  propellant  tanka  amd  creating  the  required 
feed  presBiu*e  In  the  lines  h^ind  the  pui^s  (pump  feed  eystem). 

■  .  I  • 

In  the  fonier  feed  syeten  the  required  preeaure  in  the  pro¬ 
pellant  tanka  can  he  achieved  in  various  fa^ions.  There  is »  for 
exaQq;>le.  the  treasure  feed  aysten  with  liquid  propellant  preeaure 
accuqMlator  <LPA)  or  a  gee  producing  grain  bottle  (dPB). 

ttea  prfseure  feed  aystf  (Fig.  5) .  From  the  tanks  the  pro¬ 
pellant  is  dipplaoed  with  a  gae  (Isuellj  air)  end  transferred 
into  ^e  engine  coaibuetion  chamber.  If  air  is  used,  the  feed 
system  is  called  one  vlth  an  atr  pressure  accumulator  (AfA) 

The  vehicle  carries  the  gas  in  a  tank  at  high  pressure  (about 
2 

200  kg/ea  )« 

From  the  high  pressure  t|nk  the  gas  is  fed  to  the  propellant 

'  t  ' 

tanks  throuc^  *  regulator  whioh  reduces  gas  pressure  in  the  tank 
to  values  required  In  the  propellant  tank  and,  moreover,  main¬ 
tains  the  propellant  component  tanks  at  a  constant  level. 

The  drawback  common  to  all  gas  pressure  feed  systems  Is  the 

mas  load  of  propellant  tanks  vhere  during  engine  performanoe  a 

2 

pressure  of  10  to  15  kg/em  (which  exceeds  that  In  the  combustion 

chamber)  must  be  maintained.  This  requires  tauiks  with  strong, 

thick  walls.  Propellant  tanks  in  rockets  with  gas  pressure  feed 

systems  are  therefore  very  heavy  and  take  up  a  considerable  portion 

of  the  vehicle's  total  weight.  As  combustion  chamber  pressure 

increases, the  veight  of  propellant  tanks  increases  as  well. 

Oas  pressure  propellant  feed  systems  are  only  used  with 

rocket  power  plaots  performing  at  combustion  chamber  pressures  . 

,  2 

not  exceeding  20  to  23  kf^om  . 
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Fig.  5.  Schematic  of  gas  pressure  feed  system 

1  -  High  pressure  gaa  tank;  2  -  Start  valve;  5  -  Pressure  regula¬ 
tor;  4  -  Check  valve;  5  -  Unobstructed  blowback  diaphragm;  6  -  fuel 
tank;  7  -  Oxidizer  tank;  8  -  Cutoff  valves;  9  -  Engine 


Fig.  6.  Schematic  of  hea.t  system  vltb  gas  producing  grain  bottle. 

1  -  Start  valve  with  electric  igniter;  2  -  Gas  producing  grain 
bottle;  3  -  Gas  reflector;  4  >  Check  valve;  5  -  Oxldlaer  tank; 

6  -  Fuel  tank;  7  **  Pressure  blovback  diaphragms;  Q  >  Engine 


syaterr.B  vlth  Res  producing  ^r&ln  bottles  (FIs.  6), 
llie  propellant  oomponents  are  forced  into  the  enelne  bj  a  gas  foraed 
by  the  burning  of  a  powder  obarge  ( ..■srd.i:.- ' ,  it*  voluae  1* 
ponsl^erably  smaller  than  that  of  the  gaa  generated  b/  Its  burn*' 
Infi  evfn  if  that  gae  le  conpreseed  to  a  preaptw#  of  aoo  kg/aa^, 
Ihusy  gae  producing  bottle*  take  up  coneiderably  leas  roc^ 

than  high  pressure  gas  tanks  if  the  amount  of  gas  in  the  tank  is 
ifual  to  that  generated  by  the  powder  r  '  of  the  ga* 

producing  ^ain  bottle.  Ihe  latter  also  weighs  considerably  les* 
than  a  tank  filled  with  gaa  at  a  pressure  of  200  kg/oa^. 

The  gas  producing  ^raln  bottle  Is  attached  directly  to  the 
top  part  of  the  propellant  tank.  The  ^aln  is  Ignited  by  a 
pyrotechnic  explosion  produced.  In  turn,  by  an  electric  spark. 
BuMUggogftkhe  powder  (shashka)  Is  so  regulated  as  to  maintain 
a  constant  pressure  In  the  propellant  tank  during  engine  performance 

Ihe  gas  formed  by  the  burning  powder  is  qualitatively  quite 

different  from  that  which  forces  out  the  propellant  components  in 

the  gas  pressure  feed  system.  Powder  bums  at  a  temperature  of 

about  2, 200^0.  The  powder  gases  are  fed  Into  the  propellant  tank 

0 

at  a  temperature  of  600  tu  900  0.  It  Is  known  that  gas  Increases 
its  volume  per  unit  weight  as  Its  temperature  Increases.  Hence 
extrusion  of  an  Identical  amount  of  propellant  components  by 
means  of  a  gas  producing  ^aln  bottle  will  require  less  gas  than 
if  this  Is  done  by  means  of  a  gas  pressvire  feed  system.  Oas  flow  . 
will  decrease  approximately  by  the  same  ratio  as  that  by  which 
powder  gas  temperature  exceeds  that  of  the  gas  in  the  pressure 
tank. 

Powder  gases  are  the  products  of. powder  combustion.  Since 
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powder  contains  less  oxidizer  than  required  for  coaplete  fuel  com¬ 
bustion,  Incomplete  combustion  products  will  hl'ways  be  present  in 
powder  gases.  Powder  gases  may  finish  burning  when  they  cone  in 
contact  with  liquid  oxidizers  or  yield  explosive  mixtures,  if  they 
mix  at  a  certain  jsatlo  with  oxidizer  vapors.  The  use  of  gas  pro¬ 
ducing  ^rain  bottles  to  feed  oxidizer  or  monopropellant  into  the 
engine  is  not  always  safe. 

Since  powder  combustion  is  accompanied  by  the  formation  of  a 
reducing  p:as..  l.e.,  a  gas  in  which  the  fuel  is  not  completely 
oxidized, the  use  of  gas  producing  ^raln  bottles  for  the  feeding 
of  fuel  into  the  engine  is  less  dangerous.  There  is  virtually  no 
chemical  interaction  between  the  fuel  and  the  reducing  gas.-  It 
should  be  borne  in  mind,  however,  that  powder  gases  enter  propellant 
tanks  at  high  temperatures.  Contact  of  these  hot  gases  with  certain 
propellant  components  during  presBurlzatlon  may  bring  about  the 


decomposition  of  the  fuel  with  concomitant' 


heat  release  and 


the  formation  of  gaseous  products.  For  example,  a  fuel  like 
hydragine  NgH^  if  heated  to  480**  decomposes  into  ammonia,  hydrogen, 
and  nitrogen. 

As  with  any  pressure  feed  system,  also  here  the  tank  walls 
are  subjected  to  heavy  gas  pressure  loads.  .Moreover,  they  are 
additionally  heated  by  hot  powder  gases.  The  strength  of  metals 
sharply  decreases  with  heating,  hence  when  using  gas  producing 
drain  bottles  the  propellant  tank  walls  must  be  thicker  than  with 


gas  pressure  feed  systems,  all  other  conditions  being  equkl,  and 
the  tanks  themselves  must  be  heavier.  Oas  producing  ^ain  bottles 
are  used  only  with  engines  performing  at  low  combustion  chamber 


pressurea, 
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Fig*  7*  Peed  Bjs^eia  with  liquid— propellant  pressure  accumulator 

1  -  Auxiliary  propellant  tanks;  2  -  Oas  generator;  3  -  Main 
fuel  tank;  4  -  Pressure  regulator;  5  -  Main  oxidizer  tank; 

6  -  Compressed  air  tank;  7  -  Cutoff  valves;  8  -  En^ne. 
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propellant 

Feed  SysteniB  with  liquid  pressure  accumulators  (Fig.  7).  Liquid 

propellant 

presBure  accumulators  are  small  llquld^reactlon  engines  from  which 
propellant  combustion  products  are  fed  Into  the  propellant  component 
tank  where  the.y  ■  »re  conpresaadr  j  and  force  the  component  Into  the . 
main  rocket  engine. 

If  the  propellant  consists  of  two  combustibles,  then  the 

power  pleuit  Is  provided  with  two  liquid  pressure  accumulators, 

one  for  pressurizing  the  fuel  the  other  for  the  oxidizer. 

propellent* 

The  design  of  a  llqUid^pressure  accumulator  does  substantially 
not  differ  from  that  of  a  conventional  llquld-hpopellant  reaction  - 
engine.  Hence  the  propellant  must  somehow  be  fed  Into  the  pressure 
accumulator  Itself.  Hals  is  achieved  by  forcing  the  propellant  into 
the- accumulator  combustion  chamber  by  means  of  compressed  air  from 
auxiliary  tiUiks  as  In  the  case  of  '.j  pressure  feed  systemb.  The 
combustion  chambers  Of  llquld-propellant  pressure  accumulatord  are 
attached  to  the  top  part  of  the  main  rocket  propellant  tanks. 

Liquid  pressure  accumulators  for  fuel  and  oxidizers  operate 
with  the  same  propellant  conponents  but  the  ratio  of  these  components 
Is  teiken  different  depending  on  the  pxippose  for  >hich  the  pressure 
accumulator  has  been  designed.  Accordingly,  the  composition  of 
gaseous  combustion  products  expelled  from  the  liquid  pressure 
accumulator  combustion  chambers  will  also  be  different.  As  a  znile, 
more  oxidizer  than  necessary  for  the  stoichiometric  ratio  Is  forced 
Into  the  liquid  pressure  accumulator  combustion  chamber.  The  same 
is  true  in  the  case  of  fuel. 

The  possibility  of  obtaining  In  the  pressure  accumulator  a  gas 
with  a  different  content  of  unexplolted  oxidizer  or  unburnt  fuel 
prepresents  one  of  the  advantages  of  llquld-propellant  accumulators 
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over  powdor  aecuoulotore  which  yield  gaieee  of  identical  oocposition 
/iythrfer  preagorizins fuels.  For  this  reason,  with 
llquid'propellant  preesure  aeouaulaiore  therf  is  no  danger  of  a 
chemical  Interaot ion  arising  between  the  gas  pressurizing  the 
ooffponent  vid  the  compenen^  itself. 

Performance  of  the  llquld-propellant  pressure  aooumuiatpr 
combustion  chambers  with  a  propellant  oomponent  ratio  far  ffon 
optimal,  l.e.,  operation  with  mixtures  strongly  enriched  Vi th 
oxldlsers  oi^  fuels,  la  required  also  for  another  reason.  COV* 
buatlon  of  rooket  propellants  generates  temperatures  of  ahput 
3,000  to  3,500*0  If  the  components  are  at  a  ratio  at  which  ther# 

Is  JJtat  enough  oxidizer  to  fully  oxidize  the  fuel  until  It  forms 
the  final  oonhustlon  products,  carbon  dioxide  and  water  vapor-:. 
If  gas  at  such  temperatures  Is  fed  Into  the  rocket  prop^laht 
tanks,  thetr  walls  will  be  strongly  heated  and  ma|r  even  bum  out. 

By  feeding  Into  the  llquld-propellant  presaure  accumulator  com¬ 
bustion  chamber  a  propellant  mixture  with  an  excess  'Li:'  one  com¬ 
ponent,  the  temperature  of  the  gaseous  combustion  products. can  be 
lowered  to  magnitudes  representing  no  hazai*d  for  the  material  of 
which  the  propellant  tank  is  made,  das  temperature  In  llquld- 
propellant  pressure  accumulators  does  usually  not  exceed  1,000 
to  1,200*0. 

A  disadvantage  of  blquld-propellant  pressure  accumulators 
producing  grain  bottles  consists  in  their  relatively 
complex  design  and  the  difficulty;  of  obtaining  gases  vlVa.  speoifie 
parameters  (pressure  and  temperature).  Especially  difficult  to 
obtain  are  gases  with  constant  temperature.  Sll^t  changes  In 
the  pressure  at  which  the  components  are  fed  from  the  accumulator 
tanks  into  its  combustion  chamber  lead  to  abrupt  changes  in  gas 


temperature 


As  In  the  case  of  gas  producing  grain  .bottles,  llquld-pro- 
pellant  pressure  accumulators  should  be  used  In  engines  vlth  low 
combustion  chaimber  prsssures. 


Fig,  8,  Schematic  of  tdrbopuop  feed  sjetea 

1  -  High  pressure  gas  tank;  2  -  Pressure  regulator;  5  -  Hydrogen 
peroxide  tank;  4  -  Vapor/gas  generator;  5  -  Fuel  gas;  6  -  Oxidizer 
tank;  7  -  oxidizer  pump;  8  -  turbine;  9  -  fuel  pump;  10  -  engine 


Pump  feed  sTatems  (Fig.  8)  differ  subetantlally  from  gas 
pressure  feed  syatema. 

With  this  supply  system  propellants  are  not  pressurit^ 
by  gases  Into  the  combustion  chamber  but  are  forced  Into  it  by 
means  of  puinps  driven  by  a  special  engine,  the  turbine.  Ihe 
entire  assembly  (pumps  and  turbine)  Is  known,  as  the  turbopumn 
unit.  It  Is  moimted  between  the  propellant  tanks  and  the  rocket 
engine  combustion  chamber. 

As  a  37ule,  the  turbine  wheel  Is  on  the  same  shaft  with  the 

•  t 

working  wheels  of  the  fuel  and  oxidizer  pumps.  The  turbine  Is 
driven  by  vapor/gas.  The  amount  of  propellant  fed  by  the  pumpe 
Is  controlled  by  the  number  of  turbine  rotations.  The  pumps 
create  feed  pressure  In  the  feed  lines  connecting  the  pump  out¬ 
let  with  the  engine  Inlet,  whereas  In  the  propellant  tanks  only 
a  low  pressure  (about  2  to  4  kg/ cm  )  is  maintained  to  Improve 
the  Intake  of  propellemt  from  the  tanks  by  the  pumps. 

!Ihe  turbopump  feed  system  does  not  require  especially  solid 
and  therefore  heavy  propellant  tanks. 

The  vapor/gas  driving  the  turbine  Is  derived  either  from  a 
special  component  which  Is  not  an  engine  propellant  component, 
or  from  components  used  by  the  rocket  engine.  Hydrogen  peroxld^ 

Is  frequently  employed  as  a  source  of  vapor/gas,  obtained  from 
decomposing  hydrogen  peroxide  In  vapor/gas  generators  by  catalysts 
which  are  substaaoea  promoting  decomposition. 

The  vapor/gas  generator  Is  a  chamber  containing  the' catalyst. 
Hydrogen  peroxide  Is  fed  Into  It  arid  It  decomposes  into  water 
vapor  and  oxygen  under  liberation  of  heat.  Liquid  catalysts  may 


also  be  used  for  decomposing  hydrogen  peroxide.  In  which  case 
J^e  vapor/gas  generator  chamber  becomea  a /mixing  chamber  foiMthe 
liquid  catalyst  with  hydrogen  peroxide,  and^the  decomposition  of 
the  lattev. 

The  vapor/gas  thus  formed  has  a  tempernture  of  about  450  to 
500°.  From  the  vapor/gas  generator  It  is  fed  to  the  turbine  which 
It  drives  and  is  then  expelled  Into  the  air  through  special  outlets 
By  using  as  vapor/gaa  the  generator  gas  obtained  from  the 
basic  propellant  components,  the  power  plant  design  can  be  appre¬ 
ciably  simplified.  In  this  case  the  number  of  components  to  be 
carried  by  the  rocket  can  be  reduced,  and  an  auxiliary  propellant 
tank  Is  no  longer  needed.  Generator  gas  Is  produced  by  an  assembly 
similar  to  the  llquld-propellant  pressure  aocumulator. 

s 

The  temperature  of  the  generator  gas  driving  the  turbine  must 
not  exceed  700  to  SOO^C  since  the  turbine  blades  cannot  withstand 
higher  temperatures  at  >dilch  they  fuse  or  lose  their  mechanical 
stability.  To  produce  generator  gas  at  low  temperatures  the  pro¬ 
pellant  components  are  fed  into  the  gas  generator  at  a  mixing  ratio 
where  one  component  considerably  exceeds  the  other. 
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Chapter  ZZ 

OXIDZZHIS 

Section  6.  Liquid  Oxy<^eq  : 

■  *  ■  '  .  ..  . 

Liquid  oxygen  la  a  clears  bluish,  highly  mobile  fluid,  Boll¬ 
ing  point  at  normal  pressure  Is  minus  183^0 >  temperadure  of  solldl- 

o 

floatlon  Is  minus  218  C.  Critical  temperature,  l.e.,  the  tempera¬ 
ture  above  which  oxygen  can  only  be  gaseous  Is  minus  118^0.  To 
critical  temperathre  corresponds  critical  fluid  pressure  equal  to 

49.7  kg/o*^. 

As  an  oxidizer  of  rocket  propellants,  liquid  oxygen  was  first 

proposed  by  K.  E.  Tslolkovskly  In  1903.  Zt  Is  one  of  the  most 

powerful  oxidizers  because  its  molecule  has  no  baZtast  atoms 

(as  does  nitrogen,  and  others).  Due  to  this,  propellants  based 

on  liquid  oxygen  are  much  more  powerful  and  effective 

and  wiring 

•  those;  . o.  .11;.  ‘  based  on  other  oxidizers-  the  same  fuel. 

Propellants  with  higher  power  factors  are  obtainable  only  with 
the  aid  of  such  oxidizers  as  ozone,  elemental  fluorine  and  fluorine 
monoxide  vdilch  is  a  combination  of  oxygen  and  fluorine. 

A  conspicuous  advantage  of  oxygen  over  other  odldlzers  Is  Its 
low  cost  which,  on  the  one  hand.  Is  t®.  '  the  simplicity  of 

'  f  " 

Its  manufacturing  technique  and,  on  the  other,  Its  unlimited 
availability.  In  fact^  oxygen  Is  one  of  the  most  widespread  ele¬ 
ments  on  earth.  The  overwhelming  majority  of  compounds  making  up 
the  earth's  crust  are  combinations  of  various  chemical  elements 
with  oxygen.  The  earth's  crust  contains  about  49^5  oxygen.  Vfater  . 
Is  made  up  of  88.9$^  oxygen. 
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In  the  water  nnd  oxygen-containing  solids »  oxygen  Is  encountered 
In  a  chemically  combined  state,  benos  its  .deriTatlcff) 

It  associated  with  great  technical  difficulties  and^ooA- 
slderable  energy  output.  The  atmosphere  surrounding  our  planet 
also  contains  appreciable  amounts  of  oxygen  —  as  an  average,  20. 93j( 
by  volume  (23^  by  vel^t),  the  rest  being  taken  up  by  nitrogen  (76,3%) 
and  other  gasea  (1.04J()« 

Air  oxygen  Is  not  chemically  combined  with  other  elements,  hence 
Its  derivation  requires  no  large  energy  output.  Thus,  the  air  la 
the  fundamental  source  providing  ue  with  gaseous  and  liquid  oxygen 
In  large  amounts.  To  obtain  1  m^  gaseous  oxygen  from  the  air  re¬ 
quires  only  0.5  to  0.6  kwh.  The  same  amount  of  oxyg«i 

obtained  from  vater  by  deeompoeing  It  with  electric  current  re¬ 
quires  12  to  15  kidi* 

Liquid  oxygen  was  IcommerclallyrprociuceA^long  before  It  was 
used  In  rocket  technology.  Liquid  and  gaseous  oxygen  were  applied 
on  a  large  scale  In  a  number  of  Industry  branches.  It  Is  used 
for  welding  and  cutting  metals,  pig- Iron  smelting,  steel  founding, 
noAferrous  metallursT,  In  the  chemical  Industry  and  In  medicine, 

Laree  amounts  of  oxygen  are  used  to  convert  low-qusdlty  solid  fuels, 
such  as  lignite,  peat  and  shales  to  highly  valuable  fuel  gas. 

Large-scale  utilization  of  oxygen  In  various  branches  of 
Industry  as  well  as  In  everyday  life  has  contributed  to  the  develop¬ 
ment  of  the  large  oxygen-producing  plants,  . 

FroGdctlon  of  Liquid  OxvKen 

As  mentioned  earlier,  oxygen  is  chiefly  taken  from  the  air 


■I  ■  ■  '  ■  ■ 

v/here  It  Is  combined  with  pther  gases.  To  separate  gaseous  (»ygen 
from  the  other  gases  of  the  atmosphere  Is  a  difficult  process.  It 
is  much  simpler,  to  separate  the  gases  of  the  air  In  a  liquid  state. 

If  air  Is  cooled  to  a  temperature  of  from  -194  to  -195®0  It 
becomes  a  liquid  consisting  mainly  of  two  liquid  components  (oxygen 
cmd  nitrogen)  and  minor  amounts  of  liquid  argon«  xenon,  and  other 
gases.  Table  1  gives  the  boiling  points  of  substances  being  part 
of  liquid  air.  We  can.  clearly  see  that  the  boiling  points  of  these 
fluids  differ  noticeably  from  each  other.  Liquid  oxygen  and  nitrogen 
'.iiwhlch  account  for  the  bulk  of  liquid  air  have  boiling  points 
differing  from  each  other  by  some  13°0. 

Table  1 

Bolling  Points  of  Air  Components  at  Normal  Pressure 


The  process  of  cooling  air  to  low  temperatures,  which 
corresponds  to  ll4vlfy.lnff  ^  Is  based  on  the  property.  of 

gases  to  cool  off  very  strongly  as  they  expand.  An  efficient 
and  economic  method  of  liquifying  air  was  devised  In  1939  by 
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the  Soviet  scientist  Fi,  I.  Kapitsa.  Practionization  4if  liquid 
air  Into  oxygen  and  nitrogen  is  performed  in  so-called  rectifica¬ 
tion  columns. 

Liquid  oxygen  used  in  rocket  technology  as  a  propellaqt 
oxidizer  must  have  an  optimum  degree  of  purity.  Any  kind  of 
impurity  reduces  the  power  factor  of  propellants  based  on  it« 
Koreover.  some  admixtures  may  bring  about  difficulties  in  its 
storage,  transport  and  application  to  rocket  engines.  Of  the 
admixtures  available  in  the  air  and  whose  presence  in  liquid 
oxygen  is  especially  undesirable,  dust,  carbonates,  acetylene 
and  some  other  organic  compounds  should  be  cited. 

One  m^  of  air  contains  up  to  0.01  g  of  solid  partiolqs 
(dust,  soot,  etc.).  These  solid  particles  may  clog  filters 
>dien  filling  the  rocket  with  liquid  oxygen..  For  this  reason  the 
air  used  by  the  plant  for  manufacturing  liquid  oxygen  is  thorough¬ 
ly  deemed  of  all  mechemical  imimrities. 

Carbon  dioxide  is  eui  indispensable  component  of  the  air. 

Its  content  ranges  from  0.02  to  0.08j6by  volume.  Maxlmma  con¬ 
centration  of  carbon  dioxide  in  the  air  occurs  in  industrieuL. 
districts,  the  lowest  --  in  tural  areas. 

At  normeO.  pressure  carbon  dioxide  solidifies  at  a  tempera¬ 
ture  of  -78.5°C.  Consequently,  in  liquid  oxygen,  at  a  tempera¬ 
ture  of  -183°C  at  normal  pressure,  carbon  dioxide  must  be  in  a 
solid  state.  Solid  carbon  dioxide  ^dry  ioe7  has  a  certain  solubi¬ 
lity  in  liquid  oxygon.  In  1  liter  of  liquid  oxygen  no  more  than 
3.6  cm^  of  carbon  dioxide  can  be  dissolved  (converting  to  gaseous 
carbon  dioxide  taken  at  normal  pressure).  Carbon  dioxide  portions 
in  excess  of  3.6  fully  soluble  in  liquid  oxygen. 
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A  part  of  It  will  precipitate  In  the  form  of  a  solid  deposit. 

The  presence  of  solid  dioxide  In  liquid  oxygen  may  be  the  cause 
of  the  same  complications  during  operation  as  those  resulting  from 
solid  Insoluble  Impurities,  such  as  soot,  dust  and  other’s* 

Carbon  dioxide  In  the  form  of  eolld  particles  is  always 
present  In  liquid  oxygen.  Even  filtering  cannot  totally  eilmlnate 
it  since  during  storage  of  liquid  oxygen,  because  of  its  IntensiTS 
vaportizatlon,  carbon  dioxide  will  concentrate  in  it.  There  forma 
a  supersaturated  solution,  i.e.,  a  solution  of  carbon  dioxide  in 
liquid  oxygen  with  a  concentration  In  excess  of  3*6  cannier,  and 
the  -^oiicess  of  carbon  dioxide  precipitates.  Hence,  when  manufac¬ 
turing  liquid  oxygen,  appropriate  measures  are  taken  to  reudoe  to 
a  minimum  the  amount  of  carbon  dioxide  penetrating  into  it  from 

4  . 

the  original  raw  material,  atmospheric  air. 

Prior  to  liquifying  the  air  from  which  the  oxygen  is  taken. 

It  Is  purified  of  carbon  dioxide  by  passing  it  thnough  an  alkali 
solution  (sodium  hydroxide^. 

Purification  of  air  from  carbon  dioxide  Is  also  effected  by 
freezing  the  latter  in  special  heat  exchangees. 

Organic  gaseous  substances,  such  as  acetylene,  ethylene  aM 
other  gases  may  also  be  encountered  in  small  amounts  in  the  air. 

The  presencejpf  such  substances  in  liquid  oxygen  is  highly  undesirable 
Indeed,  liquid  oxygen  forms  with  organic  substances  explosive  mix- 
txires  of  great  destructive  power,  extremely  sensitive  to  various 
influences  from  the  outside  (percussion,  sparls;  etc.).  Even  the 
smallest  amounts  of  organic  impurities  In  liquid  oxygen  create  the 
danger  of  forming  explosive  mixtures.  This  applies  in  particular  to 
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acetylene,  Air  la  purified  of  the  latter  ty  pvunplng  It  after 
llqulflcatlon  through  silica  gel  filters*  Acetylene  remains  on 
the  silica  gel  surface* 

Storage  and  Transport  of  Liquid  OxyRen 

The  basic  property  of  liquid  oyygen  which  characterizes  anj 
operation  with  lt*l8  Its  low  temperature*  It  Is  known  that  many 
substances*  both  metallic  and  nonmetalllc  ones,  abruptly  change 
their  mechanical  properties  when  cooled  to  low  temperatures.  At 
liquid  oxygen  temperature,  most  metals  considerably  increase  their 
ultimate  tensile  strength,  decrease  viscosity  and  become  extremely 
brittle.  Non-metals  lose  their  elasticity  at  these  temperatures. 
Rubber,  for  example,  becomes  als  brittle  as  glass*. 

Fittings  and  containers  for  liquid  oxygen  may  be  made  of  such 
materials  as  copper  and  Its  sdloys,  aluminum  and  Its  alloys,  and 
stainless  steel.  Ferrous  metals  are  unsuitable  for  operations  at 
low  temperatures.  Of  the  metals  cited,  aluminum  and  Its  alloys 
have  the  best  properties.  Stainless  steel  has  a  higher  strength, 
but  It  Is  considerably  heavier  than  aluminum.  Aluminum  alloys  hate 
a  lower  density  and  thermal  capacity  than  steel  and  copper  alloys, 
hence  to  cool  the  walls  of  aluminum  containers  to  liquid  oxygen 
temperatures  less  heat  need  be  removed.  This  results  In  fewer  losses 
of  liquid  oxygen  yitien  cooling  aluminum  containers  prior  to  filling 
than  this  Is  the  case  when  cooling  steel  or  copper  containers. 

As  gasketing  material  In  oxygen  pvimps,  thlves  and  feed  pipes, 
teflon  may  be  used. 

Organic  substances  soaked  In  liquid  oxygen  (oils,  sawdust 
and  wood  shavings,  rags,  etc.)  acquire  explosive  properties  and  a 


-  40 


hl^  senBltlvlty  to  external  influenoe.  Hence*  prior  to  filling 
the  containers  with  liquM  oxygen*  all  the  f eedllnes  and  the  con¬ 
tainers  themselves  must  be  thoroughly  cleaned  and  washed  to  remeve 
all  impurities  and  to  soar  the  surfaces.  Solvents  such  as  chloro¬ 
form*  methylene  chloride*  trichloroethylene*  and  others*  may  be 
used  for  degreasing  and  cleaning  oxygen  containers. 

Since  liquid  oxygen  is  continuously  boiling,  its  long-lasting 

storage  leads  to  considerable  losses  due  to  ■  vaporization.  Latent 

heat  of  vaporization  of  water  is  10.55  times  greater  than  that  of 
2 

liquid  oxygen  .  bus  to  low  heat  of  vaporization  and  to  the  enormous 
difference  between  aabi«it  tesqperature  and  the  temperature  of 
liquid  oxygen*  its  vaporization  proceeds  at  an  extremely  intensive 

Liquid  oxygen  losses  during  storage  can  be  reduced  either  by 
providing  containers  with  good  heat  insulation  warranting  a  minimum 
supply  of  heat  to  the  oxygen  outside*  or  by  equipping  the  containers 
with  devices  by  means  of  idiieh  to  oompress  (condense)  the  oxygen 
vaporized  and  feed  it  bade  into  the  container.  Storage  of  liquid 
oxygen  in  containers  provided  with  return  condensation  devices 
will  practically  exclude  oxygen  vaporization  losses. 

Double  walls  provide  fixed'  and  mobile  oxygen  containers 
with  good  heat  insulation.  The  space  between  the  walls  is  either 
filled  with  heat-insulating  materials  with  low  thermal  conductivity* 
or  air  is  evacuated  from  ii  thus  creating  a  heat- Insulating  vacuum 
Ihcket. .  Vacuum  heat .  ^  insulation  yields  the  best  results  with 
regard  to  reducing  liquid  oxygen  vaporization  losses*  but  it  is 
applicable  only  to  low-capacity  bessels  since  they  are  subjected 
to  ambient  air  pressure.  In  large  containers  the  space  between 
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the  Inner  and  outer  walls  is  filled  with  heat-insulatlns  material. 

Ihe.oxysen  industry  uses  as  heat- insulating  materials  such 
substances  as  slag  wool^  magnesium  carbonate,  glass  wool,  etc. 
slag  wool  la  used  chiefly  for  the  heat  insulation  of  oxygen 
apparatuses  employed  in  the  production  of  liquid  oxygen.  Heat 
insulation  of  ebntainera  (tanks  and  reservoirs)  uses  mainly 
magnesium  carbonate,  a  loose,  white  powder  consisting  of  55  to 
60^  KgCO^  and  40  to  45)S  MgO,  The  heat- insulating  properties  of 
magnesium  carbonate  depend  greatly  upon  its  degree  of  moisture. 

With  increasing  molstdre  content  its  heat-insulating  capacity 
drops,  hence  to  insulate  oxygen  containers  magnesium  carbonate 
with  a  molsutre  content  not  exceeding  2.5/^  is  used. 

Liquid  oxygen  is  stored  and  transported  in  tanks,  being 
metal  containers  wlth^good  heat- insulating  layer  attaining 
300  to  350  cm  and  more  In  thickness.  Tank  capacity  varies^'  from 
0.5  to  50,000  m^.  ProUeots  for  reservoirs  holding  up  to  1  million 
tons  of  oxygen  are  known.  Their  insulation  must  be  about  10  m 
thick. 

Ihe  magnitude  of  liquid  oxygen  vaporization  losses  during 
transport  and  storage  depends  on  the  size  of  the  tanks.  Losses 
in  small-slss  tanks  average  about  0.3  to  0.35)(  per  hour, 
larger  the  tank,  the  smaller  are  oxygen  losses  due  to  vaporization. 

In  large  stationary  reservoirs  (several  thousands  of  tons  capacity) 
losses  can  be  reduced  to  0.6^  per  day. 

Return  condensation  of  oxygen  vapors  forming  in  the  reservoir 
can  be  effected  by  mew's  of  so-called  helium  coolers.  Hie  reservoir's 


top  part  (gaseous  phase)  is  provided  with  colls  'trough  whloh 
liquid  heliiuQ  circulates  continuously.  The  bolllne  point  of 
liquid  heliiun  (-269^0)  is  considerably  below  that  of  liquid  oxygen^ 
hence  oxygen  vapoi^s  ooming  in  contact  with  the  h el iun-’ carrying 
pipes  are  strongly  Cooled  and  condense  :  from  the  coil  pipes 
the  condensate  flows  back  into  the  oxygen  liquid  phase.  It  eh<^d 
be  noted  that  sudi  a  method  for  fighting  liquid  oxygen  vaporiaa* 
tlon  losses  during  transport  or  storage  is  quite  costly. 

To  reduce  the  weight  of  rockets,  oxygen  tanks  hays,  as  a  rule, 
no  heat  insulation.  As  a  result,  oxygen  vaporization  losses  during 
filling  may  reach  up  to  50J(  of  the  filling  weight.  Such  losses 
in  already  filled  rockets  are  also  considerable.  Thus.  In  a 
2.3  -  ton  al^lnun  tank  without  heat  insulation  vaporization  losses 
amount  to  about  3%  per  hour.  In  tanks  provided  with  vacuum 
Jackets  oxygen  losses  can  be  reduced  to  0.5^  per  hour,  but  such 
tanks  double  their  weight. 

As  soon  as  the  oxygen  tanks  have  beenj filled,  the  rocket 
must  be  immediately  started.  If  start  is  delayed  for  some 
reason,  the  oxygen  tank  must  be  oontlxmously  fill^  up  to  com¬ 
pensate  for  -■^he  losses  due  to  vepoplsatlon*'';:-:''';'';,' 

Liquid  oxygen  can  be  cooled  to  temperatures  below  its 

boiling  point.  Supercooled  oxygen  does  not  boil,  hence  until 

^  o 

it  is  heated  to  c  tHe  teiip.erature^-183  its  vaporization  losses 
will  be  negligible.  The  time  during  which  oxygen  warms  up  to 
reach  its  boiling  point  depends  bn  the  degree  of  its  supercooling. 
Ihus,  if  a  2.3~ton  rocket  tank  is  filled  with  oxygen  supercooled 
to  a  temperature  of  -193°*  i.e..  ten  degrees  below  its  boiling 
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point,  the  rocket  nay- stand  for  80  min  without  refilling  the  full 
oxygen  tank. .  During  this,  period  of  time  the  oxygen  In  the  tank 
will  increase  Its  temperature  by  10^,  whereupon  Intensive  vaporiza¬ 
tion  will  start  anew.  Liquid  oxygen  can  be  supercooled  by  fluids 

'  ,  .  .  o  • 

with  a  lower  boiling  point  (liquid  nitrogen,  bolllr^  point  -195  ; 

or  liquid  helium,  boiling  point  -269^}  pumped  through  coil  pipes 
fitted  In  the  liquid  oxygen  tank. 

Supplying  liquid  oxygen  to  the  working  site  Involves  repealed 
transfer  from  container  to  container.  At  the  manufacturing  plant 
liquid  oxygen  from  stationary  plant  reservoirs  Is  poured. Into 
mobile  containers  for  shipment  to  the  permanent  storage  site. 

From  there  It  la  taken  to  the  launching  site  where  It  Is  filled 

<  I 

Into  the  rocket tanks.  liquid  oxygen  can  be  transferred  from 
one  oonicalner  Into  the  other  by  means  of  pumps  or  by  pressurizing 
It  with  some  gas.  The  most  expedient  one  to  create  the  required 
pressure  la  gaseous  oxygen. 

Pressure  In  the  container  from  whloh  liquid  oxygen  Is  being 
transferred'  oan'  be  treated  In  the.  following  two  ways.  First, 
by  Intensive  vaporization  brought  about  by  heating  the  liquid 
oxygen  In  the  container;  second,  a  part  of  the  liquid  oxygen  can 
be  taken  from  the  basic  container  Into  special  heat  exchangers 
where  It  Is  gasified^ whereupon  the  gaseous  oxygen  is  fed  at  an 
apprcprlate  pressure  into  the  liquid  oxygen  container.  The  second 
method  requires  no  heating  of  the  in tire  liquid  oxygen  mass  but 
there  ^Ises  the  need  for  additional  equipment  in  liquid  oxygen 
reservoirs  (heat  exchangers,  fittings,  etc.)  In  the  first  method, 
the  contact  of  gaseous  oxygen  having  a  certain  expes s' pres sure 
with  liquid  oxygen  Increases  considerably  the  amount  of  gas  bubbles 


In  the  latter.  These  q&b  bubbles  are  undesirable  since  they 
lower  the  nean  specific  weight  of  liquid  oxygen.  Moi'eover,  gas 
bubbles  In  liquid  oxygen  disrupt  the  norneQ|operatlon  of  pumps 
feeding  the  propellant  Into  the  engine  combustion  chamber.  '  . 

When  foroing  liquid  oxygen  out  of  larger sise  containers, 
a  constant  rate  of  transfer  can  only  be  ensured  by  special  devices 
regulating  the  flow  of  compressed  gas  into  the  container  being 
evacuated.  This  raises  the  production  cost  of  reservoirs*  This 
cost  increases  sharply  as  their  size  increases  since  in  this  case 
the  containers  must  be  built  strong  enough  to  withstand  the  pressure 
of  compressed  gas. 

All  of  the  above  difficulties  arising  when  transferring  liquid 
oxygen  from  one  container  into  another  by  pressvtrization  are  com¬ 
pletely  eliminated  in  the  case  of  pump  transfer  systems.  Centrifu¬ 
gal  pumps  ensure  a  rapid  and  reliable  transfer  of  liquid  oxygen. 

The  pumps  may  be  made  of  the  same  metals  as  liquid  oxygen  con¬ 
tainers.  that  is,  .Aluminum  alloys,  bronze  and  stainless  steel. 

Liquid  oxygen  is  virtually  non- toxic  (n'on-polsonous).  The 
oxygen  vapors  given  off  only  refresh  the  atmosphere.  Short  con¬ 
tacts  of  liquid  oxygen  with  unprotected  parts  of  the  body  also 
entail.,  no  hazards,  in  fact,  the  gaseous  oxygen  layer  formed 
prevents  the  skin  from  freezing.  However,  special  care  should 
be  given  to  the  fact  that  no  combustible  gases  concentrate  near 
liquid  oxygen  containers  since  their  combination  with  oxygen 
vapors  may  result  in  the  formation  of  explosive  mixtures. 

It  should  also  be  carefully  avoided  that  the  clothes  of 
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tho  man  operating  with  liquid  oxygen  not  bo  soiled  with  oils  or 
other  organic  substances  since  contact  of  liquid  oxygen  with 
such  clothes  nay  result  in  self-lgnltlon  and,  hence,  in  traumas 
and  catastrophes* 

Propellants  Based  on  Liquid  Oxygen 

Liquid  oxygen  used  in  rocket  technology  as  an  oxidizer  must 
have  a  concentration  of  no  less  than  99^  by  volume.  %e  remaining 
Is  taken  up  by  nitrogen  and  other  admixtures. 

The  chief  characteristic  of  propellants  based  on  liquid 
oxygen  as  compared  with  other  rocket  propellants  Is  their  hi^ 
calorific  value  and,  as  a  consequence,  the  high  temperatures 

t 

generated  In  the  combustion  chamber  of  the  engine.  Bils  hl&i 
calorific  value  of  oxygen  propellants  creates  great  difficulties 
in  providing  a  reliable,  cooling  of  the  engine. 

Oxygen  engines  use  as  a  coolant  only  one  propellant  component 
— •  the  fuel.  Because  of  Its  low  boiling  point,  the  second  com¬ 
ponent ,  liquid  oxygen,  is  not  yet  used  for  cooling  combustion 
ohambers.  Oxygen  propellants  have  an  oxidizer  content  2.5  to  3 
times  that  of  ths  fuel  (e.g.,  kerosene).  Relatively  small  amounts 
of  liquid  are  therefore  required  to  oool  the  engine.  Hence,  in 
World  War  II  liquid  oxygen  engines  driving  V»2  rockets  used  as  a 
fuel  component  d  mixture  consisting  of  75^  ethyl  alcohol  and 
25^  water,  this  fuel  has  an  appreciably  lower  calorific  valus 
than  kerosene  with  oxygen,  and  forms  a  propellant  with  a  relatively 
low  comlRistlon  temperature.  Moreover,  the  fuel- to- oxidizer  ratio 
In  such  a  propellant  was  considerably  hl^er  than  In  propellants 
using  as  a  fuel  pure  alcohol,  or,  especially,  kerosene  compounds. 
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It  should  be  noted,  however,  that  even  for  the  V-2,  operating 
at  a  combustion  chamber  pressure  of  16  kg/ cm  ,  cooling  was  e  serious 
problem*  Modern  rocket  ei^lnes  operate  at  combustion  chamber 
pressures  several  times  the  one  mentioned  above,  increased  com¬ 
bustion  chamber  pressure  Increases  the  efficiency  of  engine  per¬ 
formance  and  reduces  the  weight  of  the  power  plant,  but  at  the 
same  time  It  Increases  the  heat  liberated  per  uxilt  volume  of  oom- 
buatlon  space. 

Ihe  large  amounts  of  heat  liberated  per  unit  volume  of  com¬ 
bustion  space  by  rocket  engines  operating  with  oxygen  propellante 
as  well  as  other  highly  efficient  propellants  requires  both  Inner 
and  outer  cooling  of  the  engine.  Inner  cooling  results  In  in¬ 
complete  combustion  of  the  fuel,  In  the  engine  chamber^  that  part 
of  the  fuel  being  ejected  through  the  nozzle  either  In  the  fora 
of  vapor  or  as  Incomplete  combustion  products*  This  lowers  the 
engine's  efficiency  manifested  by  a  reduced  specific  Impulse. 

Ihe  propellant  component  used  for  Inner  cooling  must  have 
maximum  thermal  capacity  and  maximum  latent  heat  of  vaporization. 
Kerosene  has  a  relatively  low  thermal  capacity  and  low  latent 
heat  of  vaporization,  hence  Its  rate  of  flow  for  cooling  will  be 
very  hl^.  At  combustion  chamber  pressures  ezeeedlng  a  certain 
value,  Inner  cooling  of  oxygen-oil  rocket  engines  with  fuel  will 
therefore  bring  about  such  a  strong  drop  in  specific  Impulse  that 
It  Is  more  expedient  to  use  kerosene  mixtiires  with  fuels  pro¬ 
ducing  less  heat  but  having  better  cooling  properties  than 
kerosme*  Substitution  of  highly  calorific  fuels  with  low 
cooling  power  by  fuels  with  somewhat  lesser  calorific  value  but 
higher  cooling  power  permits  the  removal  of  considerable  amounts 
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of  heat  already  vlth  external  engine  cooling.  Ihls  heat  1b  not 
lost  for  the  engine  but  Is  returned  with  the  component  into  the 
combustion  chamber.  Consequently,  Increased  external  cooling 
does  not  affect  engine  performance.  Moreover,  considerably  less 
fuel  will  be  required  for  Inner  cooling  because  of  improved  cool¬ 
ing  power  and  because  of  an  Improved  external  cooling  of  the 
engine. 

In  particular,  such  a  fuel  mixture  was  used  by  the  Americana 
to  power  the  first  stage  of  the  “Vanguard"  rocket  which  operated 
with  the  following  propellant:  oxidizer,  liquid  oxygen;  fuel,  a 
mixture  of  95%  gasoline,  A%  ethyl  alcohol  and  1%  silicone  oil. 

Hie  latter  Is  Introduced  In  the  fuel  to  lubricate  the  propellant 
pump, 

th* 

It  the  present  tlme^difficultaies  in  cooling  llquld-propellant 
rocket  engines  operating  with  propellants  of  hlgli  heating  value 
are  being  successfully  overcom®.  This  makes  it  possibl®  to  employ 
fuels  with  a  high  calorific  value  in  liquid  oxygen  propellants. 

The  problem  of  cooling  oxygen  engines  is  somevdiat  simplified 
if  as  the  fuel  component  we  use  substances  with  molecules  having  a 
higher  content  of  hydrognn  atoms.  Hydrogen  Is  one  of  the  combusti¬ 
bles  with  the  hlgtiest  calorific  vij.ue,  but  Its  combustion  tempera¬ 
ture  in  an  oxygen  atmosphere  is  considerably  below  that  of  pther 
widely  used  fuels.  Hydrogen  burning  in  oxygen  liberates  an  amount 
of  heat  equlvauLent  to  3»210  kcal/kg  at  an  ideal  combustion  tempera¬ 
ture^  of  4,120°C,  while  oxycalbonlo  propellants  have  a  cadokrlflo 
value  of  2,130  kcal/kg  at  an  Ideal  combustion  temperature  of 
5,9500c. 
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Anong  the  fuels  with  increased  hydrogen  content  we  cite, 
in  the  first  place,  elementid  hydrogen,  then  suoh  o^mpoundt 
as  ammonia,  hydragine  and  Its  derivatives  (methyl  hjrdi^*tne« 
dimethyl  hydrazine  and  others.}..  tiquid«;Oxygeh  propeiXahtt  " . 
with  such  fuels  have  high  speoifio  impulse  and  develop  during  . 
their  combustion  comparatively  low  combustion  temperatures • 
thus  facilitating  the  cooling  of  engintf# 

deotion  7.  Nitrlo»Acld  (hsidlsera 

Asia 

Oxidizers  based  on  nitric  acid  are  as  widely  used  as  liquid 
oxygen.  The  rapid  adoption  by  rocket  technology  of  theee 
oxidizers  is  due,  in  particular,  to  the  production  of  nitrie  Sold 
(the  basic  component  of  nltric-aoid  oxidizers)  on  an  Industrial 
scale  long  before  using  it  as  an  oxidizer  of  rocket  propellants. 

Nitric  acid  boils  at  a  temperature  of  •f  86*0  and  freezes  at 
-4l°C.  Thus,  under  normal  conditions,  It  is  a  fluid.  This  is 
one  of  Its  advantages  as  a  rocket  propellant  oxidizer  over  liquid 

e 

oxygen.  The  comparatively  low  temperature  of  solidification  and 
the  high  boiling  point  facilitate  its  storage,  transport  and 
trcmsfer.  Bookets  powered  by  nltrlc>acid  propellants  can  be  kept 
for  a  considerable  time  filled  with  propellant  components*  ®tlsjj 
as  we  have  seen,  has  to  be  excluded  in  the  case  of  oxygen. 

Nitric  aoid,  however,  also  has  substantial  operational  draw** 
backs.  It  is  expedient  to  use  as  rocket  propellant  oxidizer  only 
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concentrated  nitric  acid  contalnlns  no- more  than  3  to  water. 

But  concentrated  nitric  acid  has  a  Iby  chemical  stabllltj,  hence 
it  decomposes  durlns  storage.  Deconpiosltion  rate  sharply  increases 
with  increasing  temperature. 

Deconpdsltlon  of  nitric  acid  by  the  following  reaction 

V2jp2  + 

nitric  vat^  oxygen  nitrogen 
acid  peroxide 

yields  water,  oxygen  and  nitrogen  peroxide.  As  a  result  of 
chemical  instability  its  properties  as  a  rocket  propellai\t  oxidizer 
deteriorate  on  account  of  Increasing  content  of  water  >diioh, 

being  an  inert  admixture,  lovers  the  calorific  value  of  the 

•  * 

propellant.  If  concentrated  nitric  acid  is  stored  In  hermetically 
sealed  containers.  Its  decomposition  increases  the  pressure  In 
the  container  following  liberation  of  gaseous  oxygen  (decomposi¬ 
tion  of  1  kilogram  of  nitric  acid  yields  87.5  liters  gaseoua 
oxygen).  Hence  the  storing  of  nitric  acid  In  hermetically  sealed 
containers  Is  connected  with  some  hazards,  especially  In  the 
summer. 

But  Its  msd.n  draw-back  consists  In  its  exceedingly  hi^ 
corrosive  acti**?*---^);  with  respect  to  nearly  any  substance.  This 
creates  considerable  dlfflcxiltles  In  choosing  the  appropriate 
materials  for  feedlines  and  flitlngs  as  well  gs  containers  for 
protracted  storage  at  bases  and  depots.  Common  rubber  used 
as  gaeketiae  material  in  valves  emd  pumps  does  not  with¬ 
stand  the  action  of  nitric  acid.  It  either  dissolves (l^inj or 
coarsens  and  thus  loses  its  packing  properties.  With  metals. 
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concentrated  nitric  acid  reacts  in  two  stages.  First  It  acts  on 
t^e  Qstal  as  an  oxldlzei^  reducing  It  to  eui  oxldSf  and  th#n  the 
c>xlde,readt#''vith  nitridsaold  In  the  sane  fashion,  as  do  metal 
oxides  with  other  aoida; 

V  ;  1)  6HHGj-f  2Fe  3H^O  +  352^  \ 

2)  POgOj-f  2Fe(lI0j)^+3H^0. 

ihis  reaotion  -  ;  -  with  metals  Is  precisely  the  reason  for 
its  exceptionally  high  corrosive  aotloa.  .. .  Only  nohle  metals 
(gold,  platinum)  are  fully  resistant  to  nitric  acid.  Teohnioal 
metsds,  however.  Including  stainless  steels,  aluminum  and  Its 
alloys,  are  highly  corroded  by  It.  Of  the  plastics,  teflon  resists 
to  nitrio  aoid. 

It  should  be  noted  that  corrosion  of  metals  in  nitrio  acid 
is  oon8idera:bly  Increased  when  the  acid  Is  diluted  with  water.  In 
fact,  the  acid  is  most  corroelve  \dien  diluted,  with  water  to  a  oon> 
oentration  of  30  to  35^>  Hence  nitric  acid  containers  must  be 
thoroughly  cleaned  of  acid  residues  since  the  acid  draws  water 
from  -the  aix  .  ■  and  may  therefore  reach  a  concentration  critical 
from  the  viewpoint  of  corrosion^ and  seriously  damage  the  container. 

Compared  with  liquid  oxygen,  operations  with  nitric  acid  are 
further  complicated  by  the  acid's  toxicity.  Contact  with  the 
human  skin  provokes  painful  ulcers  which  take  a  long  time  to  hes^.. 
therefore,  If  drops  of  nitric  acid  happen  to  hit  the  unprotected 
parts  of  the  body,  they  must  Immedlately^washed  away  with  large 
amountsoof  water  or  a  3^  soda  solution.  Nitric  add  vapors  also  have 
a  very  harmful  effect  on  man.  Their  toxicity  Is  10  times  that  of 
carbon  monoxide,  Ali  containing  200  to  300  parts  of  nlti*lc  acld^ 
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per  1  million  parts  of  air-  irritates  the  skin  and  the  eyes  and 
destroys  the  lungs.'  Maximum  permissible  concentration  of  nl trio 
add  vapors  In  the  air  breathing  Is  not  dimerous  yet,  * 

Is  10  parts  acid  vapors  per  1  million  partsodf  air. 

Propellants  based  on  nitric  acid  have  a  considerably  lower  ; 
cal  or  rfi’c,  value  than  oxygen-based  propellants.  Hence  they  have  a 
lower  specific  Impulse  In  the  engine.  Combustion  of  1  kilogram 
of  a  mixture  of  nitric  acid  and  kerosene  at  a  stoichiometric  ratio 
liberates  about  1,450  kcal.  Combustion  of  the  same  amount  of  an 
oxygen-oll  propellant  yields  about  2,500  kcal. 

Because  of  Its  low  ehemlcal  stability  and  the  low  calorific 
value -Of  propellants  based  on  It,  concentrated  nitric  acid  has 
a  limited  use  as  a  rocket  propellant  oxidizer.  It  Is  chiefly 
employed  In  compounds  with  nitrogen  oxides. 


.  r  -v-  •  ’t  -1-  ■  -  ,  . 

Mixture  of  yitrlo  Aold  with  yitrlo.  Oxides, 


Under  specific  conditions  nitrogen,  reaction';..;;  chemically 
with  oxygen.  Since  nitrogen  is  an  Inert  gas.  Its  oxygen  compounds 
are  hl^^  unstaliLe.  They  easily  reaot  with  combustibles  and 
oxld^them. 

Nitrogen  forms  with  oxygen  the  following  six  compounds: 

nitrous  oxide  N2O,  nitric  oxide  Nd,  nitrogen  dioxide  NOg,  nitrogen 

trloxlde  N«0  ,  nitrogen  peroxide  N_0.  and  nitrogen  pentoxlde  NoO^. 

«  3  ^4  *  b 

Of  these  compounds  only  two  can  be  used  as  rocket  propellant 
oxidizers,  NOg  and  NgO^,^.  The  last  oxides  change  easily  Into 
one  another.  At  Increased  temperatures  nitrogen  peroxide  almost 
entirely  decomposes  to  nitrogen  dioxide  which  has  a  dark  brownish 
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color;  vlth  dropping  temperature  (0  to  5®C)  there  occurs  ain 
Inverse  process:  nitrogen  dioxide  changes  to  nitrogen  pez^xlde» 
a  light  yellow  fluid, 

Propellaats  based  dn  nltrt«>  oxides  have  a  cbnslerabl^  hl^er 
calorific  value  than  those  based  on  concentrated  nitric  add. 

Thus,  the  calorific  value  of  nitric,  ..  oxide  plus  kerosene  pro<* 
pellant  excels  that  of  nltrlc-aold  propeliants  with  the  same 
fuel  by  13.5y(.  let,  application  of  nltr!u  oxides  as  rocket 
propellant- oxidizers  ±uns  Into  difficulties  because  of  their 
working  charaoterl sties. 

The  chief  drawback  of  nitric. '  oxides  Is  their  high  freezing 
point  (-11°C)  and  low  boiling  point  (22®0).  However*  they  tuim 
have  turned  out  to  be  valuable  In  compounds  with  nitric  acid* 
with  ^loh  they  form  homogenous  mixtures.  These  compounds  have 
a  number  of  advantages  over  nitric  acid  aid  pure  nltnic;:’  oxides 
from  the  viewpoint  of  both  power  and  performance.  HltrV?;:;-  oxides 
were  foLuid  to  be  good  means  for  chemically  stabilizing  nitric 
acid.  With  a  content  of  15  to  205S  nitric  oxides  the  acid  virtually 
becomes  chemlfcally  stable  in  a  wide  range  of  temperatures.  Thus, 
there  Is  eliminated  one  of  the  serious  shortcomings  of  nitric 
acid.  Its  chemical  unstableness. 

Nitric  acid  density  Is  1.51  kg/llter,  that  of  nitric  oxides 
—  1,47  kg/llter.  Compounds  of  nitric  oxides  and  nitric 

acid  hai:^  a  density  considerably  greater  than  each  of  Its  com¬ 
ponents  individually.  !nius,  a  :ooppound  Of  20^  nitric  oxides 
and  80Jb  concentrated  nitric  acid  has  a  density  of  about  1,63 

kg/liter,  8^  In  excess  of  nitric  acid,  and  about  11%  In  excess 


of  nitric  oxlde.8.  The  density  of  nitric  acid  and  nitric 

oxide  cpnpoxmds  as  compared  with  the  densities  of.  the  substances 
taken  separately  makes  the  compound  more  valuable  as  a  rocket 

•  *  _  V 

propellant  component. 

An  increase  In  the  density  of  a  compound  of  two  subst^ces 
with  respect  to  the  density  of  each  substance  taken  Individually 
can  c^y  occur  if  In  mixing  these  substances  they  Interact  with 
each  other  and  form  a  new  compound.  In  fact,  nitric  oxides  as 
they  dissolve  In  nitric  acid  reset  with  the  latter  and  fora 
molecular  compounds  of  the  form  N^O.*  2HNO,, 

^To  evaluate  the  operational  properties  of  rocket  propellants 

the  magnitude  cf  their  vapor  pressure  at  ambient  temperature  is 

th* 

of  great  Importance.  The  lower^vapor  pressure  of  the  component 
at  temperatures  to  which  It  can  be  heated  during  storage,  the 
more  convenient  It  As  In  operation.  Nitric  oxides  have  a  fairly 
high  vapor  pressure  at  ambient  temperature  (at  a  temperature  of 

-  e 

50°0  the  vapor  pressure  of  nitric  oxides  Is  2.600  mm  Hg).  For' 
this  reason  they  are  usually  stored  In  carboys  built  to  with~ 
stand  high  pressvo'es.  Hie  nitric  oxide  and  nitric,  acid  compound 
must  have  a  pressure  higher  than  that  of  concentrated  nitric  acid. 
But  since  Intermixing  of  these  two  substances  yields  not  a  simple 
mechanical  mixture  but  a  molecular  compound,  vapor  tension  In  the 
mixtures  does  hot  rise  proportionally  to  the  Increase  of  the  easily 
boiling  component  (nitric  oxide)  contained  In  it  but  fo  a  con¬ 
siderably  lesser  degree.  Ihus,  in  nitric  acid  containing  20^ 
nitric  oxides  vapor  prees\a*o  of  the  mixture  at  20^0  should  be, 
were  It  a  simple  mechanical  mixture,  215*2  mm  Hg.  Actually, 
however.  It  Is  168  mm  Hg,  The  relatively  low  pressure  of  saturated 
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vapors  of  nltrlc-acid  oxidizers  facilitates  tb'eir  storage  and 
operation  In  rocket  engines. 

By  adding  nl^lc  oxides  to  nitric  acid,  the  boiling  point  Is 

8Q&!e>Aia.t  low^ed.  Thus,  20^  nitric  oxide  solutions  In,  nltrlo  ^^j^ 

sold  boll  at  a  temperature  Of  ahout  50°C,  whereas  pure  nltrio  % 

acid  bolls  onl^  at  8$^C.  Lowering  of  the  oxidizer  boiling  point 

deteriorates  its  operational  properties,  but  at  tiie  pane  time 

nitric  oxides  considerably  lower  the  temperature  of  solidification 
Si4  tills 

of  the  oxldl^zei^  appreciably  improves  It's  operational  okarao- 

terlstlcs.  The  temperature  at  which  solid  particles  precipitate 
from  a  mixture  of  nitric  add  with  20^  nitric  oxides  Is  -70^0, 
whereas  concentrated  nitric  acid  freezes  at  a  temperature  of  -41 

The  power  factors  of  propellants  based  on  nltrlc-acld  oxidizers 
are  also  higher  than  those  of  propellants  based  on  concentrated 
nitric  acid.  The  calorific  value  of  the  propellant  and,  henoe* 
specific  impulse  increase  In  proportion  with  an  increasing  nitric 
oxide  content  In  the  oxidizer.  Hence,  from  the  viewpotot  of 
Improving  the  propellant  power  factors.  It  Is  deslrhUe  to  have 
nltrlc-acld  oxidizers  with  a  maximum  percentage  of  nitric  oxides. 

•  f 

Yet,  a  hl£^  content  of  the  latter  Improves  the  oxidizer  power 
factors,  on  the  one  hand,  and  deteriorates  some  operational 
ch^acterlstics  (lower  boiling  point.  Increased  vapor  tension, 
etc.)  on  the  other.  In  practice,  therefore,  mixtures  are  used  In 
which  nitric  oxide  content  does  not  exceed  25  to  305C,  Hltrlc- 
acld  oxidizers  used  In  the  USA  contain  4,  12  and  22jS  nitric  oxides. 

Toxicity  of  nitric  oxides  Is  about  the  same  as  that  of  nitric 
acid,  but  because  of  greater  volatlvlty  of  the  former,  they  In¬ 
crease  the  hazard  In  handll^gg  nltrle-acld^J}xldlzer8. 
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Corrosive  power  of  unhydrous  nitric  acids  le  considerably 
lower  than  that  of  nitric  add,.  But  their  admixture  to  nitric 
acid,  though  It  does  not  Increase  the  corrosive  power  of  the 
latter,  does  virtually  not  reduce  It.  Bis  chief  shortconlns  of 
nitric  add  as^rocket  propellant  oxidizer,  Its  high  corroslTe 
power  with  reepeot  to  all  oonstruotlon  materials,  remains  un¬ 
changed  also  when  using  oxidizers  containing  a  high  percentage, 
of  nitric  nxldes. 

Protection  of  Metals  AP^alnst  the  Corrosive  Action  of  Kltrlc-Aeld 

Oxidizers 

It  was  said  earlier  that  the  chief  drawback  of  oxidizers  based 
on  nitric  add  Is  there  corrosive  action.  This  fact  causes  con¬ 
siderable  Inconveniences  In  storing  them  or  using  them  In  rocket 
engines. 

Attempts  to  protect  the  metal  against  the  oxidizer's  destructive 
action  by  coating  Its  Inner  surfaces  were  unsuccessful.  Sven  the 
sllc^test  flaw  In  the  protective  coating  through  which  the  oxidizer 
can  contact  a  small  metal  section  of  the  container  wall  les^s  to 
a  fast  destruction  of  that  section.  The  application  of  hlgh<*quallty 
coatings  to  the  entire  metal  surface  to  be  protected  against  the  . 
action  of  the  liquid  and  gaseous  phase  of  the  oxidizer  turned  out 
to  be  an  extremely  complex  endeavor. 

An  effective  means  to  reduce  the  rate  of  corrosion- of  ther'metals 
In  nltrlc-aold  oxidizers  are  special  >>  'known  as  inhibitors. 
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For  oltrio  acid  and  oxidizers  based  on  It,  sulfuric  acid  can 

be  used  althou^  the  latter  Is  of  Itself  quite  ae^esslve  with 
respect  to  metals.  Nonetheless,  mixtures  of  nitric  and  sulfuric 
acid  hare  a  considerably  lover  corrosive  action  than  each  acid 
taken  separately.  - 

This  faot  can  be  explained  as  follows:  sull\irie  acid  t'eactCoe, , 
with  the  metal  of  the  container  wall  forms  a  sulfate.  If  the.  con¬ 
tainer  ia  made  of  ferrous  metal.  Iron  sulfate  Fe280^  Is  formal 
accordingly,,  aluminum  containers  yield  aluminum  sulfate  Al^(80^)^, 
etc.  Sulfates  are  weakly  soluble  In  nitric  acid  and  Its  mixtures 
with  nitric  oxides,  ^e  reaction  yielding  sulfates  takes  place 
directly  on  the  container  walls.  Because  of  their  low  solubility  , 

In  nitric  acid  and  nltrio-aeid  pxldisers,  these  sulfates  remain 
the  container  walls  as .  ?  i  ■  "  r  '  soma  sort  of  a  protective 

film  preventing  direct  contact  between  the  metal  wall  and  the  nitric- 
sold  oxidizer.  As  a  corrosion  Inhibitor  for  nitrlo-aold  oxidizers, 
sulfuric  acid  Is  effective  only  if  its 'Content  in  the  oxidizer 
exceeds  5  to  10J(. 

While  the  admixture  of  sulfuric  acid  to  the  nltrlo-acld  oxidizer 
reduces  Its  corrosive  action,  it  also  impairs  other  properties  of 
the  oxidizer.  Sulfuric  acid  Is  no  oxidizer  (Its  molecule  lacks 
active  oxygen  since  all  the  oxygen  atoms  are  bound  with  "combustible'' 
sulfur  and  hydrogen  atoms),  hence  Its  presence  In  nltrlo-acld 
oxidizers  leads  to  an  Inadmissible  reduction  of  the  latter's  power 
parameters. 

Having  a  boiling  point  (. 336°C)  hl£^er  than  that  of  nitric 
acid,  sulfuric  add  is  almost  non-volatile,  hence  mixed  with  a 


nltrlo-aold  oxidizer  It  does  virtually  not  enter  into  the  oxidizer 
vapors.  Its  effect  as  a  oorixsslonl Inhibitor  Is  therefore  confli/ed 
only  to  the  fluid,  whereas  corrosion  rate  of  container  walla  ex¬ 
posed  to  the  action  of  oxidizer  vapors  remains  as  high  as  with 
oxidizers  without  sulfuric  acid. 

v  «  ' 

Xn  nltrlc-acld  oxidizers,  sulfuric  add  yields  large  amount# 

I 

of  precipitates,  metal  sulfates  (of  the  metal  of  which  the  container 
Is  made)  difficultly  soluble  In  the  oxidizer.  ^e  accumulation 
of  these  deposits  may  result  In  an  obstruotlon  of  feedllnes  and 
valves  during  the  transfer  of  the  oxidizer,  the  filling  of  rocket 
tanks  and,  most  important  of  all,  during  ^  >  engine  performance 

In  flight.  Small  deposit  particles  which  have  gone  through  the 
filter  during  the  filling  of  the  rocket  with  oxidizer,  or  which 
have  formed  in  the  oxidizer  tank  itself,  may  clog  the  engine's 
manifolds, 

Ortbophosphorio  acid  H-PO.  is  another  addliVue.  .  which  reduces 

corrosion  rate  of  metals  in  ni trio-acid  oxidizers.  The  protective 

/• 

action  of  this  acid  manifests  Itself  With  concentrations  in  the 
oxidizer  considerably  voeaK«v<-  than  those  of  sulfiirlc  acid.  In 
fact,  only  about  of  this  acid  need  be  added  to  the  oxidizer. 

Like  sulfuric  acid,  orthophosphorio  acid  is  an  inert  constituent 
of  the  oxidizer  since  Its  molecule  lacks  active  oxidizer  atoms 
(oxygen)  or  active  fuel  atoms.  The  power  factors  of  oxidizers 
inhibited  with  orthophosphorio  acid  are  less  impaired  than  those 
inhibited  with  sulfuric  aold  since  the  latter  must  be  added  to  the 

oxidizer  In  portions  5  to  10  times  greater  than  those  of  ortho- 

r"  ,  , 

phosphoric  acid,  »  however,  has  nearly  all  the  short- 
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eomlngt  of  Bulfurio  aoid,  auch  at  forfflatlon  of  daposl^  in  tho 
oxidlsdri  abaaneocof  an  inhibiting  action  In  tbo  gataouo  phnatf 
•ni  ot^ars* 

oorroflT#  action  of  nitrio^apid  oxldiaara  ia 
vadnood  tgr  hjrdrogan  fluorida  HF.  Undar  nomnl  circunatandoa  thia 
it  a  hidhiy  to;aio  gaa,  vail  aolubla  in  vntar.  AAAad  at  a  ratf 
of  0.5  lo  1*0^  to  tho  nitric-aoid  oxidlaar*  it  aharply  Foduotf 
ita  aorroaiya  action  againat  alunlnua  and  Ita  alXojra.  A  thin 
and  axtraaaly  raalatj»t  film  of  alunlnua  flnorida  AIF^  forna  on 
tho  valla  of  alunlnua  container  a.  Tbla  flla  la  an  axoollant  pro* 
teotion  of  the  aetal  againat  the  eorroaiya  action  of  nitrio-aoid 
oxldisara.  Hydrogen  fluorida  haa  a  fairly  lov  boiling  point 
(80  0)f  henoa  it  la  praaantWd»  gaa  in  amounta 

auff ioiant  to  fora  tha  proteotlvo  fila  on  that  portion  of  tho 
container  aurfaoa  vhich  ia  not  vaahed  by  tha  fluid,  l!bia  property 
flTca  It  ...  ,■  a  great  advantage  over  auoh  Inhibitora  aa 

erthphoaphorio  and  aulfurlo  aoldr;;. 

Since  hydrogen  fluoride  protecta  alualnua  and  ita  alloya 

*r  ■  ’  ' 

againat  corrosion  not  only  aa  a  fluid  but  alao  aa  a  vapor,  no 

depoalta  are  formed  in  nltrlc*acid  oxidlzera  iilhlbited  by  thia 
aubatanoe  during  extended  storage  in  alunlnun  or  ainalnun*alloy 
oontainera. 

Contact  9^. glass  parts  (e.g..  measuring  tubea  of  containers) 
or  }'.  materials  containing  a  high  peroentage  of  silicon,  with 
nltrio^aoid  oxidizers  containing  0.5  to  0.7^  hydirogen  fluoride 
oust  not  be  permitted^  ,  sino*  it.reaote  with*  »>  •  . 

/ r-  f  ,  i  :  .  silicon  (glass  haa  a  high  content 
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of  sllloon  dioxide)  :ln  the  following'  fashlont  " 

SlOg  4- 4HP ->>  SlFj^  4*  fflgO. 

Silicon  fluoride  formed  here  volatilizes  since  at  anblent 
temperature  It  Is  a  gas*  Ihe  reaction  between  hydrogen  fluoride 
and  silicon- carrying  substances  contimjes  until  one  of  the  eon- 
ponents  participating  In  this  reaction  has  not  been  completely 
exhausted. 

r.  '  •  '  ' 

There  exist,  In  addition  to  those  aentloned,  also  other  ad¬ 
ditives  which  reduce  corrosion  rate  of  metals  in  nitric-acid 
oxidizers., 

Propellahts -Based  on  Nitric-Acid  Oxidizers 

'  t  . 

•N 

Two  types  of  propellants  exist  in  this  class:  anerKolie 
and 

Nitric  acid  Is  a  chemically  active  substance  idiioh  at  normal 
temperature  reacts  with  most  organic  and  inorganic  combustibles. 

The  heat  liberated  by  this  reaction  causes  self  Ignition  of  aiz- 
tureseof  nitric  acld.wlth  certain  fuels. 

Hot  all  the  fuels  Igniting  on  contact  with  nitric-acid  oxidizers 
can  be  used  as  components  for  hypergolle  rocket  propellants.  Prac¬ 
tice  shows  that  the  only  suitable  ones  are  fuels  igniting  no 
later  than  0.03  sec  after  mixing  with  the  oxidizer.  With  greater 
ignition  delay  time  the  fuel  can  no  longer  be  used  as  a  hypergolle 
in  liquid  propellant  reactive  engines,  which  -must  then  -v  ^ 
be  started  with  special  Ignitors. 

The  requirement  that  hypergolle  propellants  have  an  ignition 
delay  no  longer  than  0.03  eoc  is  dictated  by  the  peculiar  eharae- 
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terlfttlo  of  Btartins  reactlTo  engines.  No  special  Ignition 
devices  are  provided  for  the  start  of  engines  with  hTpergolie 
propellants.  The  conponents  (fuel  and  oxidizer)  are  adnltted  to 
tho  ehaabsr  where  they  come  in  contact  with  each  other  and  pnd^uoe 
ignition  which  marks  the  beginning  of  engine  parfornanoe.  If  the 
time  required  for  the  Ignition  of  the  propellant  after  alxliis  ^ 


.ewdaeda  <}«0>  aeo;,  ilavge:  siio^ta*  of  propellant 'aoeuataatd.inllihe’ 

^  .  ■**•  ■  *  ■  .  - 
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yupdh  ighltlom*  ’  .  pressure  in  the  chamber  rises  abruptly. 
Ihls  may  lead  to  knocks  or  even  to  the  explosion  of  the  engine. 

Amines  may  be  used  as  hypergollc  propellant  components.  At  a 
rule*  however*  they  Ignite  spontaneously  with  nltrlo>aold  oxidizers 
with  an  Ignition  delay  period  exceeding  0.03  sec.  On  the  other 
hand*  mixtures  of  two  or  several  amines  have*  for  the  moat  part*  an 
Ignition  delay  period  shorter  than  any  of  them  taken  separately. 
Widely  known  Is  a  fuel  called  "tonka”  (Oerman  name)  idilch*  with 
nitric  add  and  Its  compounds  with  nitric  oxides*  forms  a  hyper<- 
gollo  propellant.  "Tonka”  Is  a  mixture  of  two  amines*  trlethyl 
amine  and  xyildlne.  ^ Its  Ignition  delay  period  after  mixing  with 
nitrlo-acld  oxidizers  does  not  exceed  0.03  sec  even  If  the  tempera¬ 
ture  of  the  components  Is  lowered  .to  -40*^0. 

Besides  amines*  some  other  substances  can  also  fora  hypergollo 
propellants  with  nltrlo-acld  oxidizers.  Fuels  such  as  hydrogen 
and  Its  derivatives*  in  particular  unsymmetrloal  dimethyl  hydrazine* 
are  spontaneously  Ignited  with  these  oxidizers  with  particular  ease. 
Ignition  delay  period  of  dimethyl  hydrazine  mixed  with  nitric  acid 
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is  on»» tenth  of  that  mixed  with  "tonka"* 

Studies  are  being  conducted  in  the  USA  with  mixtxirei  of 
dii^e^yl  hjdrazine  and  hydrocarbon  fuels  (of  the  airoraft  .fuel 
ty^e  These  mixtures  ar^e  spontaneously  lipiited  on:  oontaot 

wi^  hltrie-acld  oxidizers  with  an  Ignition  delay  period  per- 
missible  for  reaetlTe  engine  operation* 

Ignition  delay  period  of  hypergolio  nitrlo-aoid  fuels  depends 

,  ^ 

to  a  great  extent  upon  the  temperature  of  components  axid  vater 
content  of  the  oxidizer.  A  drop  in  component .  temperature  ud 
an  Increase  in  oxidizer  water  content  results  In  an  Increased' 

Ignition  delay  period.  By  Increasing  the  ehemloal  aotlvity  of. 

'  I  * 

their  oomponentSf  the  Ignition  delay  period  of  hypergolio  i^e- 
pellants  can  be  reduced.  There  is  known  a  series  of  ’add'ttlwe#»  " 
to  nitrio-aoid  oxidizers  aM  fuels  whioh  . reduce  that  period*  Tlio«¥  are 
■ulfurio  aold  ferric  chloride  7e01^«  iron  nitrate  re(XO)^« 

.and  copper  sal,ts;  oui  Vo  A>r  tMu  urx-iv*  to  ...Mrlc ‘ticliT,  <.v.:d 

't.  Ignition  delay  period  is  strongly  reduoed 
an&  oonbustlon  rate  of  propellants  based  on  nitric  acid  is  strong¬ 
ly  increased  by  permanganates  which  are  powerful  oxidizers^ 

While  hypergolio  propellants  facilitate  the  starting  of 
engines  and  .  somewhat  simply  their  design*  they  complloate  the 
operation  of  rockets.  Spilling  during  rocket  filling  or  leaks 
in  the  feedlines  of  the  power  plant  may  easily  lead  to  fires* 

Hence  operations  with  hypergolio  propellants  must  be  performed  . 
under  especially  careful  safeguards  to  prevent  their  oomponents 
from  mixing  accidentally* 

With  nltrlc-acld*  oxidizers*  fuels  not  forming  hypergolio  . 
propellants  may  be  used.  Such  are*  e.g.*  petroleum  products. 
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par  start  of  engines  operating  with  such  pr.opellantsi  special 
pr^lna  fuels  are  required.  Fuels  Igniting  spontaneously  with 
nltolo  add,  such  aa,  •.g.,  “tonka*  ,  may  be  used  as  Igniters. 

The  fuel  component  Ignitli^  spontaneously  with  nltrlc-acld  oxidizers 
Is  filled  Into  the  rocket  In  amounts  required  only  to  produce 
the  Ignition  torch  In  the  combustion  chamber. 

The  cooling  of  engines  powered  by  nltrlc-acld  propellants  does 
not  encounter  the  difficulties  mentioned  In  discussing  propellants 
on  the  base  of  liquid  oxjrgen.  The  former  have  a  lower  oalodClo 
value  than  the  latter  (e.g.,  kerosene  produces  with  oxygen  a  . 
propellant  with  a  calorific  value  1.8  times  that  of  the  one  formed 
with  an  nltrlc-acld  oxydlzer).  As  a  result,  a  heat  flow  of  lesser 
qlagnltude  Is  transferred  through  the  combustion  chamber  walls. 
Nltrlc-acld  propellant  engines  oan.be  cooled  with  fuel,  oxidizer 
and  .with  'Wth’  oom^oneais-alw^taitfbusly,^  -'^^  separate  pockets  for 
the  fuel  and  the  oxydlzer  are  provided  in  the  Jacket  space.  Thus, 
large  amounts  of  coolant  are  available  for  external  .cooling  In 
nltrlc-acld  propellant  engines. 

Nitric  add  and  Its  mixtures  with  nitric  oxides  have  a  good 
cooling  power.  Because  .of . the  comparatively  small  amount  of  heat 
liberated  per  unit  volxime  of  combustion  space  In  medium  and  large- 
size  nltrlc-acld  propellant  engines,  however,  they  can  only  be 
cooled  with  fuel  Irrespective  of  the  fact  .that  the  amount  of 
oxidizer  filled  Into  the  rocket  Is  3.5  to  4  times  that  of  fuel. 
Small  engines  of  the  type  above  with  a  thinist  of  about  1  to  3  tons 
cannot  be  sufficiently  effectively,  cooled  With  fuel  alone.  For 
this  reason  oxidizer  Is  used  ;  as  a  coolant. 
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S«otion.8ir..  Hydrogen  Peroxld# 

.  ,  <• 

Hydrogon  peroy.lde  has.  been  nanufaotured  aaaaier^^  Irt 

-:'elallyv  for  over  70  years.  Its  easy  decomposition  by  the  aqtipn 

'  \« 

of  various  kinds  of  impurities  was  responsible  for  its  production 
as  a  35%  solution  in  water.  Production  of  Is'tx^onger.'  ooneentk^es 
began  only  shortly  before  World  War  II  In  connection  with  ths  ’ 
development  of  rocket  technology^  England  and  the  USA  have  re* 
oently  been  ‘producln6.9Q-  aad.99i7J^  hydrog^  ■pei^3ilda,'^9.7/V cor.oc-!-^ 

Host  widespread  in  rocket  technology  are  aqueous^  ifaydr’o'geus  peroxide 
^Boluttoh's  ibfJ^SO’  and  ^D%  strength.  Safe  handling  of  concentrates 
of  such  strength  could  be  warranted  by  adding  io  them  special  sub* 
stances  'called 'stabiliser s.'^a  chemical  stability  of  hydrogen 
peroxide  can  be  sharply  increased  by  adding  to  it  phosphorlot 
acetic  or  oxalic  acid,  hydroxyqulnollne»  etc.  An  Indispensable 
condition  for  chemically  stabilizing  hydrogen  peroxide  is  also 
its  purity.  Negligible  impurities  bring  about  its  decomposition. 

..  Hydrogen-peroxide o(IOC3^  -.str«ngth)Lc  is  a  clear  liquid, 

1-  ■  .  ‘  •  • 

solidifying  at  a  temperature  of  1.7^C  and  boiling  (with  de* 
composition}  at  a  temperature  of  150*’c.  It  mixes  with  water 
at  any  ratio.  If  diluted  with  water,  its  temperature  of  solldi* 
fication  drops.  Thus,  an  80^  solution  in  water  solidifies  at 
a  temperature  of  *22®C.  Hydrogen  peroxide  makes  it  posslble- 
to  obtain  oxidizers  with  even  lower  temperatures  of  solidification. 

A  mixture  conslsUng  of  6%  water,  hO%  ammonia  nitrate  NH^NO^  and 
545S  hydrogen  peroxide  has  a  temperature  of  solidification  of 
-40®C.  A  characteristic  feature  of  hydrogen  peroxide  and  its 
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aqueous  aolutloQt  l.i  a  tondsnoj  to  supercoollne*  In  f^t.  It 
any  be  suporoeoled  to  20  to  30^0  bolow  solldineatlon  tomporaturo 
voa  atttl  I‘#i<aib  a  liquid  atato  for  a  long  porloA  of  tlao,  * 

•  '  ■  •  .  .  •  ■  _  ■  .  .  ‘  '  4.y'  ' 

Hydrogen  peroxide  le  obtained  by  absorbing  beat  free  the  eurreund*- 
log  aediue.  ConTersely,  It  liberates  heat  as  It  deooapodei. 

Hence .  tta  XoV  bhenleal  atnblllt^rV- 

Stability  of  hydrogen  peroxide  decreases  as  its  oonoentratioa 
increases.  However*  the  compound  always  decomposes  to  some  degree* 
whatever  the  storage  conditions.  Decomposition  rate  especially 
increases  as  the  temperature  rises.  Some  substances*  suoh  aa 
copper  and  its  alloys*  lead*  and  others,  accelerate  the  deoooqposi- 
tion  process  of  the  peroxide.  Other  materials*  suoh  as  carbon 
and  stainless  steel*  also  accelerate  the  decomposition  of  the 
eenpound  although  at  a  lover  rate  than  copper  and  lead.  The 
decomposition  of  the  :  peroxide'  In  contact  with  metals  and  non-^ 

aetals  depends  not  only  on  their  chemical  composition  but  aleo  on 
the  condition  of  their  surfaces.  Scratches,  buTrs  and  defects 
osuse  hydrogen  peroxide  to  decompose  at  an  accelerated  rate. 

Ihe  material  best  suited  for  apparatus  operating  with  hydrogen 
peroxide  is  pure  aluminum.  Ae  packing  materials*  teflon*  fully 
halogenated  polyethylene  and  (at  moderate  temperatures)  polyethylene 
can  be  used.  . 

Prior. to  filling*  containers  undergo  a  special  treatment 
(passivation  )  to  remove  any  Impurity  which  could  accelerate  the  de¬ 
composition  of  the  compound.  .  After  this  treatment  the  container 
is  rinsed  with  a  weak  solution  of  hydrogen  peroxide. 

Eyen  if  stabilized  with  spaclai' admix tdres*  hydrogen  peroxide' 
decomposes  continuously  and  liberates  gaseous  oxygen.  In  the 
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case  of  storage  In.  hermetically  sealed  containers,  pressursy  within  may 
thersforb  blill&  xip  to  dsngeToas  leVels.  For  thlo  reason  , 

^•ijeot&tolaers  pr^yj-ded;.  with  safety  valres  which  dperate 
as  soon  as  pressure  within  the  container  rises  beyond  the  permissible' 
lerel.  In  designing  fittings,  feedllnes  and  containers  for  the 
peroxide,  units  ^ere  It  could  stagnate  or  Inpurltles  such  as 
corrosion  products  could  accuoulate  are  carefully  avoided.  Such 
Impurities  may  cause  the  hydrogen  peroxide  to  explode. 

Although  the  corrosive  action  of  hydrogen  peroxide  Is.  weak 
compared  with  that  of  nitric  acid,  some  materials  are  noticeably 
corroded  by  It.  CdiW'oslen -H  espeolaliy.  Strong  a-tthe  Joints  be¬ 
tween  different  metals  In  contact  with  the  peroxide.  In  this 
case  there  forms  an  electrochemical  pair  to  eliminate  which  the 
metals  in  the  peroxide  are  connected  with  plastic  lining.  Ihls 
eliminates  eleotroohesloal  dlssbltlng.df  the. metal. 

Hydrogen  peroxide  la  explosive  and  Inflammable,  the  latter 
property  being  due  to  Its  high  oxidizing  power,  Kany  organic 
substances  (fabric,  paper,  oils)  bum  on  contact  with  concentrated 
hydrogen  peroxide.  It-  is  stored  in  places  away  from  dwellings  and 
other  buildings.  Reservoirs  must  be  kept' clean,  storage  of 
combustible  materials  In  them  is  inadmissible. 

The  explosiveness  of  the  liquid  Is  due  to  Its  continuous  de¬ 
composition  with  liberation  of  gaseous  oxygen  and  also. to  the 
fact  -that  Its  vapor  may  readily  explode  If  acted  upon  from  the 
outside.  Decomposition  rate  Increasea  with  rising  temperature, 
and  the  decomposition  process  Itself  releases  heat.  Ihus,  the 
rate  of  decomposition  reaction  initiated  by  some  Impurity  may, 
because  of  heating,  attain  dangerous  magnitudes  after  some  time. 
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case  of  etoraee  In.  hermetically  sealed  containers, pressure/ within  may 
therefore  bUll&  up  t9  dansorous  leVels.  For  this  reason 
^OiOOi&U^ors  wo  proyMo*:,  with  safety  valres  whloh  dperato 
as  soon  as  pressure  within  the  container  rises  beyond  the  permlssltale' 
lewel.  In  designing  fittings,  fsedllnes  and  containers  for  the 
peroxide,  units  tdiere  It  could  stagnate  or  Impurities  such  as 
corrosion  products  could  accumulate  are  carefully  avoided.  Such 
Impurities  may  cause  the  hydrogen  peroxide  to  explode. 

Although  the  corrosive  action  of  hydrogen  peroxide  Is. Weak 
compared  with  that  of  nitric  acid,  some  materials  are  noticeably 
corroded  by  It.  CdWeslan  ds  espeolaliy:  streiife  Atthe  Joints  be¬ 
tween  different  metals  In  contact  with  the  peroxide.  In  this 
case  there  forms  an  electrochemical  pair  to  eliminate  which  the 
■etale  In  the  peroxide  are  connected  with  plastic  lining.  Ihls 
eliminates  electrochemical  dlssbltlng.df  !ihe.  metal. 

Hydrogen  peroxide  la  explosive  and  Inflammable,  the  latter 
property  being  due  to  Its  high  oxidizing  power.  Many  organic 
substances  (fabric,  paper,  oils)  bum  on  contact  with  concentrated 
hydrogen  peroxide.  It  Is  stored  in  places  away  from  dwellings  and 
other  buildings.  Reservoirs  must  be  kept' clean,  storage  of 
combustible  materials  In  them  Is  Inadmissible. 

The  explosiveness  of  the  liquid  Is  due  to  Its  continuous  de¬ 
composition  with  liberation  of  gaseous  oxygen  and  also. to  the 
fact  that  Its  vapor  may  readily  explode  If  acted  upon  from  the 
outside.  Decomposition  rate  increases  with  rising  temperature, 
and  the  decomposition  process  Itself  releases  heat.  Ihus,  the 
rate  of  decomposition  reaction  Initiated  by  some  Impurity  may, 
because  of  heating,  attain  dangerous  magnitudes  after  some  time. 
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At  175°C  liquid  hjdroeen  peroxide  decomposee  intteqtly^  thd-deooaposl* 

tlon  process  becomes  explosive.  Hence,  vhen  raising  the  temperature 
of  hydrogen  peroxide  above  ambient  temperature  by  5  to  an  ' 

additional  amount  of  stabilizer  must  be  added  to  it  in  order  to 
reduce  the  intensitj  of  decomposition.  ,  Should  this  not  stop 
further  evolution  of  heat,  water  should  be  added ,  Hydrogen  peroxide 
diluted  to  50^  becomes  completely  explosion-proof* 

Liquid  hydrogen  perOxlde  has  a  low  Bensltivlty  to  iarpaot  and 
blasts.  At  ambient  temperature  (20  to  a  concentrate  up  to 

995^  does  not  explode  from  the  effect  of  a  prlmcsr. 

Under  service  conditions  explosions  nay  happen  in  using  hydrogen  | 

1 

peroxide  in  the  engine  when  blasts  occur  in  the  combustion  ohamber.  I 

ihe  blast  wave  may  bring  about  an  explosive  decomposition  of  the  { 

'  ^  I 

peroxide  in  the  feedlines  which  spread  to  the  peroxide  tanks.  ,  ; 

Hydrogen  peroxide  vapors  are  coneiderably  more  explosive  than 
the  liquid, 

lixplosion  of  saturated  v^ors  of  water  dilutes  of  hydrogen  per¬ 
oxide  from  external  stimuia tlon (sparks,  heating,  impact,  eto,} 
occurs  if  the  vapor  contains  30  to  40^  peroxide.  Such  a  conoentra-  | 

tion  in  vapors  from  80  to  85^  liquid  peroxide  is  possible  only  if 
the  latter  is  heated  up  to  120  to  125^0.  .  Such  temperatures  under 
storage  and  transport  conditions  are  seldom  attained.  However,  a 
great  explosion  hazard  may  arise  in  the  case  of  fire  of  the  reservoir 
when  the  liquid  is  heated  to  dangerous  temperatures. 

Fuels  Based  on  Hydrogen  Peroxide 

Since  a  hydrogen  peroxide  molecule  contains  a  large  amount  of 
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aotive  oxygen,  the  peroxide  may  be  used  as  an  oxidizer  of  combuetlblea. 
Moreover,  decomposition  releases  heat  energy  which  may  be  converted 
to  work.  Hydrogen  peroxide  may  therefore  be  used  a^so  as  an  oxl* 
dlzer  of  bipropellants  or,  by  itself,  as  a  monopropellant. 


Table  2 

Power  Parameters  of  Some  Propellanta 
Fuel:  Kerosene,  =  20  kg/cm2,  1  Vg/cn 


Oxldlser 

Qxldlzer- 

to-fuel 

weight 

ratio 

Specific 
Weight  of 
fuel  nix* 
ture 

Coobusttoa 

temgerature 

Specific 

Impulse 
kg  see/kg 

Liquid  oxygen 

2.25 

1.02 

3000 

250 

85X  hydrogen 
peroxide 

8.S 

1.28 

4 

2300 

230 

Nitric  eeld 

5.0 

2600 

230 

We  see  from 

the  table 

that  •  in  terms 

of  speelfio 

J 

impulse  . 

fuels  based  on  hydrogen  peroxide  are  not  Inferior  to  nltrlc-aold 
fuels  while  having  a  considerably  lower  combustion  temperature. 

In  fact, their  comparatively  low  combustion  temperature  Is  their 

I  .  "  * 

great  advantage  over  other  fuels.  Another  positive  aspect' of c- ! .  . 
hydrogen  peroxide  is  its  relatively  high  density,  which  is  higher 
than  the  density  of  oxygen  fuels  but  lower  than  that  of  nitric- 
acid  ones. 

Because  of  its  low  corrosive  action  and  volatility,  hydrogen 
peroxide  is  simpler  to  store  over  .<  long  periods  of  tine  in  rocket 
tanks  than  is  nitric  acid  or  liquid  oxygen.  This  is  of  paramount 
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Importance  in  the  operation  of  rockets  vhich  must  be  ready  to 
launch  at  any  time. 

The  fact  that' hydrogen  peroxide  decomposes  in  the  presence  o-f 
catalysts  permits  to  have  engines  operating  with  that  oxidizer 
without  a4>eoial  start  igniter.  Instead,  the  engine  can  be  started 
by  so-called  thermal  starting.  Hydrogen  peroxide  is  fed  into  a 
precombuation  chamber  (a  small  space  connected  with  the  main  . 
combustion  chamber),  where,  reacting  with  a  catalyst,  it. decom¬ 
poses.  The  hot  gaseous  decomposition  products  are  fed  into  the 
main  combustion  chamber  into  which,  after  bullAlng  up  'ln -li' 
pressure  required  for  normal  fuel  combustion,  fuel  is  injected. 

Thermal  igniting  is  less  dangerous  than  any  other  form  of 
ignition  of  rocket  engines  (pyro technical,  chemioal,  oleotrio 
spark,  etc.). 

Starting  of  the  rocket  engine  is  the  most  dangerous  operaiti'on 
stage  which  frequently  ends  up  in  the  explosion  of  the  engine  itself. 
Explosions  may  ooour  not  only  in  the  case  of  premature  ignition, 
as  mentioned  earlier,  but  also  in  the  base  of  malfunctioning  fUel 
or  oxidizer  cutoff  Talyes.  If  these  valyes  are  not  tight,  pro¬ 
pellant  components  flow  into  the  combustion  chamber  prior  to  start¬ 
ing  and  accumulate  there.  At  start,  pressure  sharply  increases 
and  the  engine  explodes. 

In  the  case  of  thermal  Ignition,  Instead,  the  gaseous  decomposi¬ 
tion  products  of  the  peroxide  admitted  from  the  relatively  small 
preoombustlon  chamber  to  the  main  combustion  chamber  expell  from 
the  latter  any  fuel  which  may  have  accumulated  there  at  start. 
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Thus  an  explosion  of  the  combustion  chamber  becomes  virtually  Im¬ 
possible.  Safe  rocket  engine  starting  Is  of  particular  Importance 
for  manned  vehicles. 

Hydrogen  peroxide  forms  an  anergollc  fuel  with  alcohols  aiid 
kerosene,  and  a  hypergollc-  and  with  hydrogen  and  ftyea«Srtne  h'jrdratk. 
In  World  -  Mat-  II,  Serman  air  Interceptors  were  powered  with  a  . 
fuel  consisting  of  hydraij^  hydrate -f*  hydrogen  peroxide. 

The  latter  is  no  longer  used  as  an  oxidizer  of  rocket  propellants 
at  the  present  time,  since  with  peroxide  .oonoentrationtf  .of-  ..i  - 

8()  to  85^^  ^ t)*bng^’ PwpelXs^fs- ari  cohsiderkbiy 
powerl'ul  than'  thbsd  .  based  on  oxygen  and  nltrio  add  with 
nltrlo  oxMes.  However,  once  operations  with  100^  hydrogen  pero^ 
xlde  will  become  technically  possible.  Its  application  as  a  com¬ 
ponent  of  the  basic  propellant  Is  not  to.  be  excluded.  Computations 
show  that  propellants  based  on  100^  hydrogen  peroxide  are  not  In- 
f^erlor,  as  regards  density,  to  propellants  based  on  nltrle-aold 
oxidizers  (nltrlo  acid  -f* 22^  .nltrlo  oxides)  and  exoell  them  by 
7  to  9  kg  sec/kg  specific  impulse. 

Hydrogen  peroxide  Is  widely  used  to  obtain  vapor/gas  for  turbo¬ 
pump  feed  systems  of  rocket  engines.  Propellants  for  the  operation 
of  TEC;  have  the  following  specif  1  cations  t  sufficiently  high 

ppwer  factors  to  ensure  with  .minimum  rate  of  flow  the  operation  of 
pumps;  '  /  a  relatively  low  combustion  temperature.  Host  wide¬ 

spread  In  use  as  a  monopropellant  driving  turbopump  units  Is  80  to 
85^  hydrogen  peroxide.  Decomposition  of  80^  peroxide  liberates 
vapor/gas  at  a  temperature  of  450  to  500®c.  Besides  hydrogen 
peroxide,  a  catalyst  Is  used  io  obtain  vapor/gas.  Decomposition 
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of  on*  kilogram  of  peroxide  requires  0.05  kg  of  liquid  catalyst 
eonsl  sting  of  a  35^  aloohol  solution  of  KaKnOj^  (eodiua  p*rmanga-» 
aats).  ■ 

Kazimuffl  temperature  permitted  for  the  safety  of  turbines  is 
1.5  times  hi^er  than  deeonpositlon  temperature  of  a  hydrogen 
peroxide  solution  of  80^  strength.  Hence,  to  economize  peroxide 
consumption,  aqueous  solutions  of  90%  strength  are  now  being  used 
in  England  and  the  USA.  These  solutions  have  a  higher  decompoei** 
tlon  temperature  and,  consequently,  a  higher  energy  content  per 
unit  of  weight. 

The  power  factors  of  monopropellants  based  on  hydrogen  . 
peroxide  can  also  be  Increased  by  preparing  mixtures  containing, 

I 

in  addition  to  peroxide  and  water,  such  fuel  components  as  Sthyl 
alcohol,  glycarlno,  acetone,  and  others.  Thus,  by  Introducing 
Q%  ethyl  alcohol  in  a  50^  aqueous  solution  of  hydrogen  peroxide, 
we  can  obtain  a  monopropellant  with  a  combustion  temperature  near 
800°C.  Such  a  mixture  is  mere  powerful'  than  hydrogen 

peroxide  of  80jt  strength  and  is  safer  to  handle. 

Section  Oxidizers  of  the  Future 

Liquid  Ozone 

At  normal  temperature  ozone^O^^ls  a  bluish  gas  1.6  times 
heavier  than  air.  At  -112°C  and  a  pressure  of  1  kg^cm^  ozone 
becomes  a  dark  blue  liquid.  It  solidifies- at  -250°C.  Latent 
heat  of  vaporization  is  47  calories  per  kilogram  mole.  Of  all 
the  possible  rocket  propellant  oxidizers, liquid  ozone  Is  the 
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nost  power'rul  one.  Like  oxjgen  moleculea,  an.  ozone  molecule  con¬ 
sists  of  oxygen  stoma  one.  KeVertheleas,  ozone  end  oxygen 
have  dlffortot  chemical  and  physical  properties^  hence  piro- 
pellanta  based  on  them  have  different  power  fadtors.  The  higher 
power  factors  of  ozone  with  respect  to  oxygen  are  due  to  two 
reasons:  first,  ozone  forms  in  conjunction  with  heat  absorption, 
l.e.,  it  is  an  endothermic  compound;  secondly,  liquid  ozone  has 
an  appreciably  higher  density  than  liquid  oxygen. 

Since  .in  the  formation  of  1  kg  ozone  from  oxygen  about  720  koal 
are  absorbed,  the  same  amount  of  heat  is  liberated  when  it  decom¬ 
poses  into  oxygen  atoms.  This  mesuis  that  when  a  fuel  is  burned 
in  ozone,  heat  is  liberated  not  only  by  the  reaction  of  fuel  atoms 
combining  with  those  of  the  o.xldlzer  but  also  as  a  result  of  the  . 
decomposition  of  the  molecules  of  the  oxidizer,  ozone.  As  a 
result,  ozone  forms  with  the  fuel  a  propellant  with  a  oalorifio 
value  23  to  24jt  higher  than  that  of  oxygen. 

Among  rocket  propellant  oxidizers,  ozone  is  the  least  used  one 
today.  The  difficulty  of  producing  ozone  and  applying  it  to  rocket 
technology  is  due  to  its  excessively  high  explosiveness. 

The  nature  of  the  explosive  decomposition  of  ozone  remains 
unexplained  to  this  day.  Apparently  it  is  either  connected  with 
the  endothermic  nature  of  this  compound  or  its  sensitivity  to  the 
catalyzing  action  of  negligible  amounts  of  admixtures  or  else  § 
combination  of  these  two  factors.  There  exist  in  the  literature 
many  contradictory  views  on  this  subject. 

comprehensive  investigations  into  the  chemical  stability  of 
ozone  have  been  conducted  in  ./the  USA.  in  recent  years.  A  number  of  • 
authors  whose  works  were  published  abroad  claim  'that  they  succeeded 
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In  finding  the  cause  for^tnetability  of  liquid  ozone.  It  is 
said  to  be  the  catalyzing  effect  of  negligible  organic  admixture*^ 
present  ill  ozorie^on  the  deeo>ipoaltion  process.  One  American 
author  even  describes  a. method  for  obtaining  stable  ozone. 

Oxygen.-  the  mother  gas  of  ozone,  is  to  be  purified  of  organic 
ImpurltleB  by  passing  it  at  720°0  over  copper  oxide  which,  under 
these  conditions,  fully  oxidizes  to  carbon  dioxide  all  -Organic ‘ Impuri¬ 
ties  contained  in  oxygen.  Subsequent  tests  have  shown,  however,  that 
such  ozone  still  exploded  from  the  smallest  stimulation.  Thus, 
there  are  as  yet  no  directions  in  the  literature  as  to  -the  utili¬ 
zation  of  liquid  100^  ozone  as  an  oxidizer.  However,  ozone  as  a 
component  of  comppound  oxidizers  is  of  conspicuous  Interest, 

At  the  boiling  point  of  liquid  oxygen  (-183°G)  ozone  dlsso.vles 
In  oxygen  forming  a  homogeneous  mixture.  Ozone  solutions  in 
liquid  oxygen  up  to  a  strength  of  25%  are  fully  stable  and  nearly 
InBensltlve  to  outside  atinulation.  Solutions  of  such  strength  can 
be  safely  transported  and  used  in  rocket  engines, 

Th*  power  factors  of  ozone  solutions  in  liquid  oxygen  exceed 
those  of  pure  oxygen.  The  calorific  value  of  propellants  based 
on  ozone-oxygen  oxidizers  {25%  solution)  exceeds  that  of  oxygen- 
base  propellants  by  Borno  5%^  Koheover,  introduction  of  that 
amount  of  ozone  in  liquid  oxygen  increases  the  oxidizer's  density 
by  12»5%,  '.Chese  advantages  of  ozone-oxygen  oxidizers  over  pure 
oxygen  may  play  a  decisive  role,  all  other  conditions  being  equal. 

In  -the  attempt  to  Increase  the  range  of  rockets. 

Ozone  la  chemically  more  active  than  oxygen,  this  being  due 
to  the  particular  structure  of  its  molecules.  A  number  of  fuels, 
including  unsaturated  hydrocarbons,  may  ignite  spontaneously  on 
contact  with  ozone  or  a  mixture  of  ozone  and  liquid  oxygen.  Ignition 
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delay  for  such  hyp^gollo  propellants  does  not  exceed  the  permissible 


^Imei  lte«>  Oi3  •ejo. 

Due  to  the  chynlcal  aotlrlty  of  ozone*  small  amounts  of, it' 

(3  to  in  oxjgkn  accelerate  combustion  of  the  propellant  in  the 
engine  combustion  chamber.  An  Increased  burning  rate  of  the  pro* 


pellant  permits  /to  reduce  Its  stay  time  in  the  combustion  ohamberf 
l.e.t  it  permit^  to  reduce  the  size  of  the  combustion  chamber  and, 
hence*  build  lifter  and  more  compact  engines.  , 

Despite  .thej  above  advantages  of  ozone-oxygen  mixtures  ov^ 
pure  oxygen,  they  are  not  being  applied  in  rocket  technology  as 
yet.  Ihls  is  due  to  difficulties  arising  in  the  operation  with 

O 

such  mixtures.  The  boiling  point  of  ozone  (-11S  C)  is  considerably 
higher  than  that  of  oxygen  (-ld3^C}.  Hence  during  protracted 
storage  of  ozone-oxygen  mixtures*  oxygen  will  evaporate  first, 
while  the  ozone  content  of  the  mixture  will  Increase  In  tlaa.  At 
-183^C  up  to  23^  liquid  ozone  may  dissolve  In  liquid  oxygen.  With 
a  higher  ozone  content,  demixing  takes  place.  Ihe  bottom  layer  with 
a  higher  density  represents  a  solution  of  33^  ozone  in  oxygen,  and  ‘ 
the  top  one  a  23^  ozone  solution.  Ozone  solutions  in  liquid 
oxygen  with  a  strength  in  excess  of  33^  are  'agai^i-  homogenequs  and 
do  not  demix  at  -183°C  and  a  pressure  of  1  kg.om^  but*  like  pure  . 
ozone*  they  are  highly  explosive. 

Although  no  efficient  means  have  been  found  to  this  day  for 
reducing  the  sensitivity  of  ozone 'and  its  concentrates  In  liquid 
oxygen  to  outside  stimulation*  the  high  power  of  rocket  propellants 
based  on  liquid  ozone  induces  the  Americans  to  continue  the  inves¬ 


tigations  for  its  stabilization;.. 
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.Ozone  is  highly  toxic.  Amounts  of  0,0000256  by  volume  omn 
be  detected  In  the  air  by  Its  characterlatlo  odor.  Concentrations 
of  0.03^  by  volume  strongly  Irritate  the  respiratory  system  and 
the  eyes..  A  stay  of  2  hours  in  an  atmosphere  containing  ozone 
In  a  concentration  of  0,04  to  1,056  by  volume  Is  fatal  to  man, 

Bj  American  data,  the  maximum  permissible  ozone  concentration  in 
the  air  is  0.0001  to  0.00001J6  by  volume..  Its  toxicity  exceeds 
that  of  such  a  strongly  poisonous  substance  as,  nitric  acid  by 
tens  of  times. 


Fluorine  Oxidizers 

The  general  advantage  of. fluorine  oxidizers  over  oxygen-base 
oxldlaers;  la .their  high  chemical  activity  and  high  density. 

This  applies  to  both  oxidizers  and  propellants  based' on  themV 

Among  the  fluorine  compounds  of  interest  as  rocket  propellant 
oxidizers  we  cite  elemental  fluorine  F^,  nitrogen  trlfluorlde  NFj, 
fluorine  monoxide  OF^i  chlorine  trlfluorlde  CLP^  .and  broalna 
pentafluorine  BrF^. 

Among  all  the  fluorine  oxidizers  the  most  powerful  one  is 
elemental  fluorine,  while  bromine  pentafluorlde  has  the  greatest 
density..  In  rockets  with  small-size  propellant  tanka  the  latter 
may  be  the  most  suitable  oxidizer. 

Liquid  Fluorine 

Until  1940  elemental  fluorine  vhb  never  practically  applied. 
Produced  in  very  small  amounts  In  the  laboratory  it  was  chiefly 
used  in  research.  But  with  the  development  of  atomic  Industry 
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there  was  an  Increasing  demand  for  uranium  hexafluoride  for  the 
production  of  which  elemental  fluorine  was  required.  Ihls  . 
to  the  tfeardh  of  commercial  methods  for  obtaining  fluoride  .and 
to  the  study  of  its  properties. 

At  the  present  time  fluorii^e  is  produced  on  a  ooaaerolsl 
scale  in  the  USA.  The  main  raw  material  for  its  production*  la 
fluorite  CaFg  from  which  potassium  fluoride  and  hydrogen  fluoride 
are  produced.  From  the  mixture  of  the  latter  ^wo.  fluorine  la 
obtained  by.  electrolysis. 

* 

It  was  held  until  recently  that  elemental  fluorine  will 
hardly  ever  be  used  as  an  oxidizer  for  rocket  propellants.  There 
were  various  reasons  for  this  view. 

It  is  known  that  fluorine  is  chemically  the  most  active  els'- 

4 

ment  which  reacts  with  nearly  all  the  substances  at  ambient  tem- 
perature.  It  was  believed  that  this  would  make  it  extremely  diffi¬ 
cult  to  choose  the  appropriate  materials  for  apparatus  and  con-  ^ 
talners .  For  the  same  reason  fluorine  was  regauMled  as  the  most 
toxic  Bubetsuice  the  handling  of  >dilch  will  be  complex  and  dangerous.'- 
The  main  reason, however, was  that  until  recently  fluorine  was  held 
to  have  a  low  density. 

The  density  of  liquid  fluorine  at  boiling  point  was  determined 
as  early  as  1897  and  was  taken  to  be  equal  to  1.1  kg/lltrer,  l.e., 
lees  than  the  density  of.  liquid  oxygen  (1.14  kg/lit^r)  and  con¬ 
siderably  less  than  that  of  liquid  fluorine  monoxide  (1.52  kg/ll^r). 
A  thorough  check  donducted  by  the  California  Institute  of  Technology 
(USA)  in  1952  showed  that  the  density  of  liquid  fluorine  at  boiling, 
point  1b  1.51  kg/llt^r,  i.e.,  that  it  is  greater  than  the  density 
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of  .oxygen  and  close  to  that  of  fluorine  monoxide.  From 

that  moment  the  Interest  for  liquid  fluorine  as  a  rocket  pro-  > 
pellant  oxidizer  sharply  Increased. 

Until  normal  conditions  fluorine  Is  a  yellov-^een  gas,  which 
liquifies  at  a  pressure  1  kc^cm^  and  a  temperature  of  rl88.l8^C. 

It  solidifies  at  -219®C. 

Of  all  the  known  chemical  elements,  fluorine  has  the  most  poveiv 
ful  oxidizing  action.  It  combines  with  virtually  all  elements 
and  oxidizes  then.  Even  such  an  element  as  oxygen,  which  Is  an 
extremely  powerful  oxidizer,  la  oxidized  by  fluorine.  It  burns 
In  a  fluorine  atmosphere.  It  was  held  until  recently  that  such 
Inert  gases  as  argon,  xenon,  neon  and  others  are  Incapable  of  re¬ 
acting  with  other  substances.  •  It  was  found,  however,  that  under 
specific  conditions  fluorine  may  react  even  with  these  gases. 

.  Ihie  powerful  chemical  activity  creates  specific  difflcultlet 
in  using  fluorine.  The  overwhelming  majority  of  materials  does 
not  withstand  contact  with  liquid  fluorine  and  reacts  with  it. 

But  since  several  metals  fora  during  this  reaction  a  fluorine-  . 
resietant  film  of  fluorjd-ea  firmly  connected  with  the  surface .of 
the  metal  and  protecting  the  latter  against  the  action  of  fluorine, 
the  problem  of  fighting  its  corrosive  action  was  found  to  be  fully 
solvable. 

The  resistance  of  metals  to  fluorine  Is  determined  by  the 

firmness '.of  the  connection  between  the  fluoride  film  and  the  metal 

Itself.  Such  metals  a%  nickel, stainless  steel,  M'onol  metal,  brass, 
are.  flultabjej 

copper  and  alumlnum/i™a,terlalB  for  fittings  and  containers  of  liquid 
and  gaseous  fluorine  if  the  latter  Is  stored  at  temperatures  no 

f  .  X  ■  , 

higher  than  room  temperature.  At  higher  temperatures,  gaseous 
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fluorine  1b  better ' stored  In  Monel  metal  containers  since  It 
has  the  beet  realstanoe  to  the  action  of  both  gaseous  and  liquid 
fluorine,  •  " 

As  packing  materials,  copper,  aluminum  and  plasties  such  - 
as  teflon  can  be  used.  It  should  be  noted  that  teflon  and  metals 
can  be  fluorine-real stariit  only  If  the  following  two  requirements 
are  fulfilled:  First,  the  surface  In  contact  with  fluorine  must 
be  thoroughly  cleaned  of  all  impurities;  secondly,  the  material 
must  hot  be  exposed  to  the  action  of  a  fluorine  flow  flowing  at 
a  high  velocity. 

Any  organic  impurities  In  fluorine  act  as  Initiators  of  the 
combustion  process.  Ignition  of  Impurities  In  fluorine  leads  also 
to  the  Ignition  of  the  container  or  feed  line  material.  Hence 
equipment  operating  with  both  liquid  and  gaseous  fluorine  must 
be  scoured,  cleaned  of  all  sorts  of  Impurities  and  dried.  There¬ 
after  the  equipment  Is  treated  with  gaseous  fluorine  diluted  with 
an  Inert  gas.  The  concentration  of  gaseous  fluorine  In  the  Inert 
gas  is  chosen  such  that  It  la  sufficient  to  ignite  and  bunn  all 
Impurities  which  remain  on  the  surfaces  of  equipment  after  Its 
preliminary  cleaning,  but  not  strong  enough  to  Ignite  the  material 
of  which  the  equipment  la  made. 

As  the  metal  surfaces  are  treated  with  gaseous  fluorine  there 
forms,  along  with  the  cleaning  of  the  surface,  a  fluoride  film 
which  protects  the.,  metal  against  the  corrosive  action  of  fluorine. 

The  surface  of  equipment  operating  with  fluorine  must  have  an 
excellent  mechanical  finish  which  excludes  the  presence  of  pores, 
cracks,  etc.  Welded  seams  must  be  checked  by  x-rays  for  the  absence 
of  cracks  or  any  Inclusions.  Any  kind  of  flaws  of  tli©  metal  surface 
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or  the  itelded  seam  may  become  the  cause  for  its  Ignition  on  contact 
with  fluorine* 

Ignition  of  equipment  material  may  also  be  brou^^t  about  by 
high-speed  fluorine  flow  which,  obviously,  washea  away  the  pro- 
teotive  fluoride  film  at  some  spots  of  the  metal  surface  which 
then  become  Ignition  centers.  If  for  some  reason  a  metal  is  ig-  , 
nited  in  a  fluorine  atmosphere.  It  will  violently  burn'ni  until  (' 
all  of  the  fluorine  Is  exhausted  or  all  of  the'  metal  burns  out.  * 

Like  liquid  oxygen,  liquid  fluorine  continuously  boils  li¬ 
berating  extremely  poisonous  vapors  which,  at  the  same  time,  are 
highly  inflammable* 

Storage,  transport  and  filling  of  liquid  fluorine  are  in¬ 
comparably  more  complex  than  those  of  liquid  oxygen.  Small  spill- 
Ings  of  small  liquid  fluorine  are  usually  neutralized  by  sodium 
bicarbonate  which  not  only  neutralizes  fluorine  but  helps  ex¬ 
tinguishing  the  fire  breaking  out  as  a  result  of  the  Ignition  of 
organic. substances  on  contact  with  liquid  fluorine.  Reaoting  with 
the  latter,  sodium  bicarbonate  releases  carbon  dioxide  which,  as 
is  known.  Is  a  fire  extinguisher; 

In  the  USA  liquid  fluorine  is  stored  and  transported  In  a 
.supercooled  state,  l.e.,  at  a  temperature  below  Its  boiling  point. 
For  this  reason  containers  of  several  tons'  capacity  are  made  up 
of  three  tanks  placed  one  within  the  other.  Liquid  fluorine  is 
filled  in  the  limermpst  tank,  and  the  coblant  (usually  liquid 
nitrogen)  in  the  second  one.  For  insulation,  air  is  removed  from 
the  space  between  the  second  and  the  third  tank  whereupon  It  Is 
filled  with  heat- insulating  material.  The  innermost  container 
filled  with  liquid  fluorine  Is  hermetically  sealed.  Because  of 
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the  difference  in  the  boiling  point  of  liquid  nitrogen  end  liquid 

o’-' 

fluorine  (ijibout  13  to  14  }»  the  letter  doee  not  boil  in  such  eon* 
teiners  end,  hence,  it  doee  not  liberete  toxic  end  inflemmeble  , 
vepore.  Conteineri  so  designed  ere  euiteble  for  storing  liquid 
fluorine  in  werehouses  or  for  its  trensport  by  truck  or  rell,  , 

To  prevent  spilling  in  the  cese  of  eecidental  destruction  of 
^  fe^lines,  all  of  Pipo  outlets  in  reservoirs  ere  oede  through 
the  top  of  the  tenk. .  Unloading  from  the  tank  is  effected  by 
gas  (helium  or  nitrogen)  pressurizetion. 

Ihe  following  data  give  us  an  idea  of  the  toxicity  of  fluorine 
Concentrations  of  25  to  50  parts  per  1  million  parts  per  volume 
of  air  are  fatal  to  man  after  15  minutes.  Concentrations  of 
15  to  25  parts  per  1  million  parts  per  volume  of  air  cause  heavy  . 
Injuries  to  the  lungs,  end  only  concentrations  of  10  or  less 
parts  per  1  million  parts  of  air  per  volume  do  not  represent  • 
hazard  to  man  after  15  minutes. 

The  vapors  freed  during  the  boiling  of  fluorine  can  be  nidtra* 
llzed  by  mixi^  them  with  vapors  (steam).  Fluorine  reacts  with 
water  vapors  according  to  the  formula 

*  ■  i  ' 

Fg  HgO  2HF  iOg. 

As  a  result,  hydrogen  fluoride  smd  oxygen  are  formed.  The 
former  is  a  lesser  hazard  to  the  organism  than  elemental  fluorine, 
its  toxicity  being  about  l/lO  of  the  latter.  Moreover,  it  is 
well  miscible  with  water,  hence  it  can  easily  be  transferred  in 
aqueous  solutions  with  their  subsequent  neutralization  (detoxlca- 
tlon).  This  is.  conveniently  done  with  calcium  oxide  vrtilch  trans- 
fonns  hydrogen  fluoride  in  harmless  calclxim  fluoride 

CaO  2HF  CaPg  HgO 

V/hen  testing  rocket  propellants  operating  with  fluorine, 
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combustion  products  of  hjdrogen  In  fluorine  can  be  neutralized  also 
by  this  method. 

Small  amounts  of  liquid  fluorine  can  be  eliminated  b/  tumlns 
carbon  In  them,  fo  do  this  fluorine  Is  spumped  -  through  drums  obA> 
talnlng  coal.  On  contact  with  the  coal  there  occurs  a  reaction 
form^g  a  nonAtoxle  gaseous  substance,  carbon  tetrafluorlde,  ..vhl^ 
can  be  safely  released  In  the  air: 

C  2P^  CP. 

2  4 

As  a  rocket  propellant  oxidizer,  fluorine,  because  of  Its 
ixoeptlonally  -ijdmerfuir  reactivity  with  all  the  known,  fuels, 
forms  hypergollo  propellants.  Consequently,  reactive  engines 
operating  with  llqdld  fluorine  have  no  need  for  special  Igniting 
devices  and  are  therefore  much  simpler  in  design. 

Propellants  based  on  elemental  ..fluorine  have  also  higher  com¬ 
bustion  rates  because  of  the  high  reactivity  of  this  element. 

For  'the  total  combustion  of  a  fuel  with  fluorine  a  shorter  stay 
time  In  the  engine  chamber  Is  required  than  for’ any  other  pro¬ 
pellant.  This  mskeO  It  possible  to  build  engines  with  smaller 
combustion  chambers  than  those  operating  with  oxygen  and  nltrlo- 
acld  propellants. 

Fluorine-base  propellants  are  only  then  more  powerful  than 
those  based  on  oxygen  if  substances  with  a  high  hydrogen  contant 
are  used  as  fuel.  With  hydrocarbon  fuels,  fluorine  oxidizers 
form  Ineffective  propellants,  '  . 

For  this  reason  liquid  fluorine,  like  other  fluorine  oxidizers. 
Is  expediently  applied  with  such  fuels  as  ammonia,  hydrazine, 
and  liquid  oxygen. 

The  propellants  formed  by  fluorine  oxidizers  with  hydrazine 
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derivatives  (methyl,  hydrazine,  dimethyl  hydrazine  and  others)  are 
lees  effeotlve  elnpe  the  molecules  of  these  derlvaMvee  contain 
carbon  atoms.  It  Is  pointed 

It  Is  pointed  out  t^at  on  the  basis  of  fluorine  oxidizers  hl^^  .. 
ly  effective  rocket  propellants  ban  be  formed  If  metals,  metal- 
organic  compounds  or  metal  particles  suspended  In  liquid  fuel  a 
e.g.,  hydrazine  or  methyl  hydrazine  (metal  suspensions)  are  used 

as  fuels. 

Unlike  oxides,  metal  fluorides  have,  as  a  rule,  a  lower 
boiling  point,  hence  they  will  be  In  a  gaseousu  state  In  the  ooip- ' 
bastion  chamber  and  the  nozzle.  Moreover,  the  same  fuels  burning 
In  fluorine  and  In  oxygen  develop  higher  temperatures  in  fluorinsp 
and  this  also  contributes  to  the  formation  of  gaseous  combustion  pro¬ 
ducts  of  metals  and  other  highly  oalorid'  substances. 

Some  substances,  such  as  silicon,  form  with  fluorine  oompounds 
(under  the  release  of  large  amounts  of  heat)  which  are  gases  even 
under  normal  conditions.  Burning  of  silicon  In  oxygen  forms  silicon 
dioxide  SlOg  vi^  ^  very  high  boiling  point  (1900°c),  Table  4 
gives  the  boiling  points  of  oxides  and  fluorides  of  some  fuels,  which 
can  be  used  as  rocket  propellant  components. 


Table  3 

Bolling  Point  of  some  Metal  Oxides  and  Fluorides 


Fuel 

Oxide; 

formula 

Oxide 

boiling  point 
°C 

Fluoride 

formula 

Fluoride 
boiling  point 

0  . ' 

C 

Beryllium 

BeO 

3900 

BeF2 

850 

Aluminum 

AI2O3 

2700  ‘ 

AIF3 

1110 

Magnesium 

MgO 

2250 

MgF2 

1110 

-j 


CMortAs  trifluorld4 

Of  all  th«  fluorine  ooapoundt  this  Is  the  most  in  teres  tlnis  . 
one  as  a  rocket  propellsuiit  oxidizer.  Compared  with  eleaentfl 
fluorine,  it  Is  less  powerful  since  its  molecule  comprises  a 
chlorine  atom  which  is  a  very  bad  oxidizer  and  propellants . based 
on  It  are  completely  Ineffeotlre.  However,  chlorine! trlQuofilAe 
has  a  comparatively  high  boiling  point  (13.8^C)  and  a  low  tem¬ 
perature  of  Bolldifloation  (-lll^C)  which  greatly  facilitates 
operations  as  compared  with  other  fluorine-base  oz&dizers.  At 
ambient  temperature  It  can  be  stored  in  hermetically  sealed  Aon- 
talners  at  pressures  up  to  2  to  3  k^em  . 

’  t 

In  reaotivlty,  ohle]i|.ii«  trifluoride  second  only  to  fluorine. 
In  fact,  it  reacts  with  most  substances.  Even  water  oxidizes  on 
contact  with  it.  The  combustion  process  of  water  in  chlorln^tri- - 
fluoride  is  very  violent  and  Is  accompanied  by  a  oonsplouous' r^ 
lease  of  heat  and  a  visible  flame.  In  spite  of  its  hil{^  reactivity, 

*  .it  • 

its  storage  and  transport  turned  out  to  be  less  complex  as  regards 
its  corrosive  action  on  containers  and  equipment,  than  that  of 
such  widely  used  rocket  propellant  oxidizers  as  nltrlo  acid  and 
its  mixtures  with  nitric  acids. 

Ohiorme  trlfluoride  can  be’  stored  for  long  periods  In  con- 

I 

talners  made  of  common  carbon  steel.  ■  A  fully  satisfactory  corrosion 
resistance  to  the  oxidizer  is  also  exhibited  by  such  metals  as 
copper,  brass,  magnesium  and  others.  Stainless  steAl,.'cnlokel  . 

and  Konel  metal  are  also  fairly  resistant.  As  packing  material 

♦ 

in  apparatus  operating  with  chlorine' ti-lfluorlde,  copper  and  teflon 
saturated  to  a  strength  of  40^  with  copper  fluoride  can  be  used. 

Ihls  appratus  must  not  be  made  of  glass,  asbestos  or  materials 


containing  silicon  since  chlorine uti'ifluoridei nice  other  fluorine 
oxides,  reacts  vlth  the  substances  to  form  gaseous  silicon  fluoride. 
Chlorine  trlfluorlde  is  as  toxic  as  fluorine.  It  can  only  be 
handled  In  speolal  gas  maslcs  and  protective  clothes.  The  hazard 
in  operating  with  it  arises  not  only  from  breathing  Its  vapors  but 
also  from  drops  hitting  clothes,  fabric,  the  skin  or  rubber  whloh 
arelmmediately  ignited  by  It.  Renee  its  handling  requires  exceptional 
safety  measures, 

Ellnlnatlon  of  large  amounts  of  it  poses  a  serious  problei 
since  there  are  very  few  substances  which  can  dissolve: It  wlthqut 
reacting.  It  is  well  soluble  In  carbon  tetrachloride  and  some 
nitric  compounds  and  does  not  rea.ct  with  them  in  the  coal.  At  cer¬ 
tain  ratios,  however,  chlorine  trlfluorlne  mixtures  with  these 
substances  may  explode  from  comparatively  external  stlmulatl^on 
(Impact,  flame  and  others). 

The  properties  of  chlorine  trlfluorlde  show,  as  a  whole,  that. 

It  has  certain  advantages  over  liquid  fluorine  as  regards  operation 
^.^but  its  handling  Is,  none  the  less,  quite  complex  and  dangerous, 

A  feature  of  this  substance  is  Its  high  density  (1.78  g/cm^) 
compared  with  that  of  other  oxidizers.  The  chemical  reactivity 
of  chlorine  trlfluorlde  which  creates  difficulties  In  haLnollng  It, 
is  actually  an  advantage  when  It  Is  used  In  engines.  But. with  all 
the  known  fuels  Its  forms  hypergollc  propellants  with  a  high  burny 
Ing  rate  In  the  combustion  chamber. 

Fluorine  Monoxide 

Its  molecule  consists  of  atoms  of  .  the  two  most  powerful 
oxidizers,  fluorine  and  oxygen.  Under  normal  conditions  It  is  a 
gas  as  toxic  as  pure  fluorine. 
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Iti  boiling  point  ia  [-lk5°C,  This  cheaically  stable  substanea  . 
ean  be  atprad  for  long  periods  of  tima  without  noticeable  deoonposi^ 
tion  in  containers  made  of  stainless  steal*  nickel*  or  Monel  aetal* 
Dejiaitj  of  liquid  fluorine  monoxide  at  boiling  point  is  1.52  kg/litV^* 
i*a*f  it  ia  almost  equal  to  that  of  liquid  elemental  fluorine. 

*  '  .  .  .  .  i, 

Or^anio  and  anorganic  oombuatiblea  ignite  on  contact  with  it. 
Handling  of  tfluorine  monoxide  am  eomolax  ahd  •  dangerous  as  that 
of  liquid  fluorine.  Its  storage,  like  that  of  liquid  fluorine* 
requires  complex  devices  by  which  to  maintain  low  teraperaturea>-^and 

prevent  its  vapors  from  penetrating  in  the  surrounding  air. 

•  ^ 

Fluorine  monoxide  has  all  the  operational  disadvantages  of 
liquid  fluorine*  arid*  in  addition*  it  is  noticeably  less  powerful. 

In  fact,  it  rates  between  liquid  oxygen  and  liquid  fluorine  in  terms 

i  , 

of  power  and  efficiency.  The  thermodynamic  computation  of  pro¬ 
pellants  based  on  liquid  fluorine,  oxygen  and  fluorine  monoxide 
with  hydrazine  at  a  pressure  of  21  kg/bm  within  the  comtustlon 
chamber  and  0,84  kg/cm^  at  nozzle  exit  plane  for  an  engine  operating 
in  the  vacuum  yields  the  following  specific  Impulses* 


Liquid  fluorine  hydrazine .  417  kg  sec/kg 

Liquid  fluorine  monoxide  hydrazine  390  kg  sec/kg 
Liquid  oxygen  hydrazine  360  kg  sec/kg 


Ulus,  fluorine  monoxide  which  is  appreciably  inferior  to 
elemental  fluorine  In  terras  of  power  and  has  virtually  no  advantages 
as  rsgards  handling  and  operating  with  it,  obvioualy  cannot  be  re¬ 
garded  as  an  sapsoimlly  luoesaaful  rocket  propellant  oxidiaer  of 
t})e  future* 
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Tetranltromethan» 


Under  normal  conditions  tetranltrome thane,  C(N02)^  la  a  yellow- 
green-  liquid  which  freezes  at  13.6°G.  Unlike  water,  it  reduces 
ltd  volume  at  freezing,  hence  there  is  no  danger  that  the  liquid 
may  destroy  hermetically  sealed  containers  If  It  freezes  In  then. 

If  heated  to  about  100  to  120*^0,  it  begins  to  decompose  and 
releases  nitric  oxides.  At  126^0  it  boils  and  decomposes  at  the 
same  time. 

A  feature  of  tetranltromethane  as  a  rocket  propellant  oxidizer 
la  Its  great  density*  Moreover,  like  nitric  acid  and  the  oxidizers 
based  on  it,  it  has  a  high  boiling  point. 

Compared  with  nitric  acid,  It  has  a  very  low  corrosive  action 
with  respect  to  most  materials.  It  may  be  stored  and  transported 
In  containers  of  common  carbon  steel.  Only  copper  and  Its  alloys 
are  attacked  by  this  oxidizer.  •  ' 

Pure  tetranltromethane  Is  a  chemically  stable  substance  but 
alkali  Impurities  initiate  Its  decomposition  with  the  formation 
of  explosive  nltroform  salts.  As  a  rocket  propellant  oxidizer, 
tetranltromethane  has  two  substantial  disadvantages  responsible 
for  the  fact  that  this  extremely  powerful  oxidizer  has  up  to  now 
not  been  practically  employed  in  rocket  technology;  first,  it  has 
a  high  temperature  of  solidification;  secondly,  under  specific  con¬ 
ditions  it  has  a  tendency  to  explosive  decomposition. 

Its  explosiveness  is  due  to  Its  being  formed  with  heat  absorption 
l.e..  It  is  an  tndothermic  compound.  Hence  its  decomposition, 
accompanied  by  liberation  of  heat,  takes  place  according 

to  the  following  equation: 

C(Np2)4->G02i'  2^2 -i-  JOg 

>.  ■  t  Th'e-^.heat  released  amounts  to  about  450  kcal/kg. 
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It  should  bo  noted  that  explosiveness  of  pure  tetranitrp* 
methane  is  low  under  normal  operating  conditiohs  of  ropket  pro- 
pellsuits.  Only  «■  very  powerful  stimulation  can  Ini^ate  its  ex¬ 
plosive  decomposition.  Addition  of  combustible  impurities,  however, 
make,  it  extremely  sensitive  to  outside  stimulation!**^** /Tcontent  of 
1  to  1.3^  of  such  hydrocarbons  as  kerosene,  it  readily  explodes 
from  the  action  of  a  standard  detonator  fuse  or  even  from  weaker 
stimulation. 

Ths  explosive  of  tatranitromethane  is  very  deetructive.  Most 
sensitive  and  destructive  are  mixtures  with  hydrocarbon  fuels  con¬ 
taining  close  to  15^  of  the  latter.  Concentrations  of  greater 
strength  again  reduce  the  explosiveness  of  tetranitromethans,  and 
with  more  than  S0%  hydrocarbon  fuels  it  can  no  longer  be  exploded 
by  a  standard  denonater  fuse.  Hence  when  handling  tetranitromethans 
it  siust  be  carefully  kept  free  of  impurities,  especially  those  of  . 
organic  origin. 

The  explosiveness  of  tetranitromethsuie  can  be  reduced  by  add- 
ing  to  it  nonorganlo  substances.  Already  before  World  War  II, 
mixtures  with  30^  liquid  nitric  oxides  were  tested  in  Q-ermany.  .  Such 
mixtures  are  extremely  powerful  as  rocket  propellant  oxidizers  and 
have  a  low  sensitivity  to  extez^al  stimulation.  They  do  explode 
nevertheless,  if  stimulation  is  sufficiently  powerful.  A  dlsadvjmtage 
of  tetranitromethane  Is  its  hl^  freezing  point. 

Oxidizers  based  on  tetranitromethane  with  a  low  freezing  point 
(of  the  order  of  -AO  to  -50®C)  are  difficult  to  develop  due  to  the 
fact  that  in  it  are  well  soluble  nearly  all  the  hydrocarbon  fuels 
while  nonorganlc  substan'ces  are  almost  insoluble.  To  lower  its 
freezing  point  by  adding  combustibles  to  it  is  impossible  oecauae 
highly  sensitive  mixtures  are  so  formed. 
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Studies  were  undertaken  In  the  USA  on  the  subjeet  of  lowering 
the  freezing  point  tetranltromethane.  Ihe  best  resulta  were  ob¬ 
tained  with  liquid  nitrogen  tetraoxlde  «  These  mixtures  are  not 
only  relatively  Insensitive  to  external'  citlmulatlon  but  they  also 
have  a  lower  freezing  point  than  pure  tetranltromethane.  Thua. 
a  mixture  of  35^  nitrogen  tetraoxlde  and  65%  tetranltromethane  has 
a  freezing  point  near  -30^C.  A  drawback  of  these  mixtures  Is  their, 
high  vapor  tension  and  high  volatility.  For  this  reason  they  can 
only  be  stored  in  hermetically  sealed  containers* 

One  of  the  advantages  of  tetranltromethane  Is  its  low  corrosive 
action.  Fixtures  with  nitric  oxides  are  likely  to  be  more  aggressive 
against  construction-  materials.  Although  unhydrous  nltrlq  oxides 
are,  like  tetranltromethane,  non-corrosive  substances,  even  a 
slight  moisture  content  enhances  their  corrosiveness  by  the  appearanes 
of  nitric  acid.  The  latter  forms  in  accordance  with  the  follovlnit 
foroulai 

HgO^- N2O4 HNO2 

Kixutres  of  tetranltromethane  and  nitrogen  tetraoxlde  ars 
more  volatile  than  pure  tetranltromethane.  The  first  to  evaporate 
are  nitric  oxldee  which.  If  the  oxidizer  is  stored  in  a  non-hermetle 
contaner,  redujo!.-  the  nitrogen  tetraoxlde  content  and,  hence, 
change  the  oxidizer'  freezing  point.  To  lower  Its  freezing 
polnt.j,.  mixtures  with  methyl  nitrate  and  nltromethane  were  tested. 

These  mixtures  are  less  effective  than  that  with  nitrogen  tetraoxlde 
since  their  freezing  point  is  higher  and  they  are  dangerous  In 
handling. 

Additives  lowering  the  freezing  point  of  tetranltromethane  not 
only  Impair  some  of  Its  operating  properties  but  also  reduce  its 
power.  Rockets  operating  with  a  fuel  based  on  a  tetranltromethane 
..oxidizer  containing  any  one  of  the  additives  above,  have  a  shorter 
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r^oge  than  rocketa  powered  by  a  propellant  based  on  pure  tetranltro- 
methane,  oxidizer. 


Chapter  III 

FUELS 

.V.  -  ,  '  V 

Conbustlon  la  a  turbulent  exothermic  chemical  reaction  In 
the  presence  of  a  flame.  Most  frequently  this  reaction  occurs 
when  atoms  of  various  elements  combine  with  oxygen  or  fluorine 

atoms. 

Table  4 


Calorific  Value  of  Combustibles 


Combustible 

Density,  kg/1 

Calorific  Value  of  Combustibles,  kcsl/kg 

In  oxygen 

In  fluorln. 

Rydrogea 

0.07 

28  700 

64  000 

Beryllium 

1,85 

16  150 

Boron 

2.30 

13  900 

Lithium 

0.53 

10  230 

20  800 

Carbon 

2.25 

7  800 

13  780 

Aluminum 

2.70 

7  400 

12  190 

Silicon 

2.40 

7  370 

12  190 

Magnesium 

1.74 

5  920 

Titanium 

4.50 

4  530 

The  effectiveness  of  a  fuel  Is  determined  In  the  first 
place  by  Its  calorific  value  and  Its  gas-generating  capacity. 
Table  4  gives  the  calorific  value  of  some  combustible  elements 

burning  In  oxygen  or  fluorine. 

We. can  see  from  the  Table  that  hydrogen  has  the  highest 

heating  value.  It  also  ieivolves  a  large  amount  of  gas  during 
combustion.  However,  considerable  difficulties  arise  In  the 
application  of  pure  liquid  hydrogen  as  a  rocket  propellant 


90 


component.  Odo..the  nther  band^  Itg  iilxturas  .vltb  soo^  aX^ents  have 
phyaloorchemleal  properties  fully  sultaole  for  t^ls  purpose,  iVttt 
are  less  powerful. 

Second  in  calorlflo  value  after  hydrogen  Is  beryllium. 

Yet,  neither  pure  nor  In  compounds  with  other  substances,  this 
element  ca.n  be  of  any  practical  ^value  as  a  rocket  propellant 
for  the  following  two  reasons:  It  Is  highly  toxic  (this  applies 
also  to  its  compounds);  secondly.  It  is  very  rare  and,  hence, 
extremely  expensive. 

Boron  Is  slightly  less  powerful  than  beryllium  but  It  Is 
fairly  common,  hence  it  may  be  of  practical  use  as  a  fuel  com¬ 
ponent  of  rocket  propellants. 

Carbon  has  an  even  lowei*  heating  value  and.  a  relatively 
low  gas  generating  capacity.  Nevertheless,  It  is  pi'esent  in  a 
large  group  of  chemical  combinations  known  as  organic  compounds. 

Section  10.  Fuels  of  Organic  Origin 

/ 

To  this  class  belong.  In  .the  first  place,  the  various  fuels 
obtained  from  the  distillation  of  petroleum  and  known  as  petroleum 
products.  )fldely  used  In  rocket  technology  are  kerosenes. 

Essentially,  these  fuels  are  a  mixture  of  chemical  com¬ 
pounds  consisting  of  a  highly  effective  comtustlble  element,  hydro¬ 
gen,  and  a  less  effective  one,  carbon.  Fuels  of  this  class  are 
known  as  hydrocarbons.  The  chemical  combination  of  the  two  elements 
above  yields  substances  less  powerful  than  elemental  hydrogen  but 
considerably  more  powerful  than  elemental  carbon.  Tlielr  physico¬ 
chemical  properties  defining  the  expediency  of' their  utilization 


are  IncomparaWj  higher  than  thoae  of  carbon  and  hydrogen. 

All  of  the  petroletm  products  used  as  rocket  propellant 
components  are  liquids  with  high  boiling  points  and  low  tempera¬ 
tures  of  solidification,  having  a  fairly  high  stability  against 
de^mposltlon  from  heating.  A  drawback  of  these  fuels  Is  the 
Instability  of  their  cheiclcal  composition ,hence  such  Indices  ojf 
a  fuel  of  ^  the  same  brand  as  density,  viscosity,  surface 

tension  and  otiiers  vary  from  supply  to  supply.  This,  however.  Is 
Inadmissible  for  rocket  propellant  components  since  the  Indices 
above  do  substantially  affect  the  performance  of  the  engine. 

The  Instability  of  physico-chemical  properties  of  petroleum 
products  can  be  explained  by  the  fact  that  these  fuels  have  an 
Inhomogeneous  chemical  composition  and  are  mixtures  of  a  large 
number  of  hydrocarbons  evaporatliig  by  boiling  In  a  given  tem¬ 
perature  range.  In  producing  one  and  the  same  fuel  brand  from  petro*- 
leUffl  of. various  ..oil  fields,  constancy  of  temperatures  at  the 
beginning  and  the  end  of  the  boiling  process  can  be  easily  main¬ 
tained  whereas,  as  a  rule,  the  content  of  the  various  chemical 
compounds  In  the  fuel  Is  not  constant. 

Only  those' fuels  which  .are  homogeneous  chemical  substances  and  whose 
composition  can  easily  be  checked,  can  have  stable  properties. 
Investigations  are  being  conducted  in  the  USA  for  the  synthetic 
production  of  hydrocarbons  which  by  their  power  and  operational 
properties  could  replace  petroleum- type  fuels  and  at  the  same 
time  have  stable  physico-chemical  properties  not  changing  from 
supply  to  supply.  It  is  planned  to  use  these  fuels  with  newly 
designed  rockets  as  well  as  with  existing  ones  operating  with 
petroleum-type  fuels.  Thus,  for  example,  a  synthetic  hydrocarbon 


fuel  Is  being  developed  for  the  '’Atlas*'  rocket  powered  by  a 
propellant  whose  fuel  component  is  the  RP-1  aircraft  fuel.  The 
new*  aynthetie  fuel  will  be  a  cosipound  with  the  s^e  physlpo- 
oheoiiloal  properties  as  the  RP-1.  Three  hydrocorbona  have  been 
found  which  can  replace  the  latter. 

Investigations  into  new  hydrocarbon  fuels  are  also  conducted 
In  other  directions.  .  As  already  noted,  rocket  fuel  density  Is 
an  Important  characteristic.  As  a  rule,  oxidizers  have  a  density 
1.5  to  2.0  times  that  of  fuels,  this  being  a  disadvantage  coaspn  to 
all  fuels.  Znoreased  density  makes  It  possible  to  reduce  the  size 
of  the  rocket  by  reducing  the  size  of  the  fuel  tank  and  Maintaining 
tha  same  useful  load  and  the  same  range. 

Hlgh-denslty  hydrocarbon  fuels  are  chiefly  extracted  from 
coal  tar.  Some  of  them  have,  besides  high  density  (up  to  1.5 
kg/llter),  also  high  efficiency  indices.  Thus,  e.g.,  decahydro- 
naphthallne  has  a  oalorlflc  value  greater  than  kerosene  extracted 
frora  petroleum.  In  spite  of  their  high  density,  these  fuels  have 
not  been  practically  exploltt>d  In  rocket  technology  as  yet  be¬ 
cause  of  a  number  of  disadvantages  Inherent  In  them,  such  as  high 
viscosity,  high  temperature  of  solidification,  and  others. 

Alcohols,  especially  ethyl  and  methyl  alcohol,  are  the  next 
class  of  fuels.  Hiey  played  an  Important  roles  as  propellant 
components  In  the  early  days  of  rocket  technology. 

Alcohol  molecules  consist  of  oxygen,  carbon  and  hydrogen 
atoms.  Since  the  conbustlble  ceu’bon  and  hydrogen  atoms  comprised 
in  alcohols  are  already  partly  oxidized,  the  heating  value  of  pro¬ 
pellants  whose  fuels  are  alcohols,  is.  considerably  lov/er  than  that 
of  propellants  with  hydrocarbon  fuels.  This  we  can  see  from  Table  5 
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kftilch  elves  the  calorific  value  of  alcohols  compared  with  that 


of  a  hydrocarhoii  (kerosene). 


;  Table  5  * 


Calorific! 


Value  of  Oxygen- Carrying  Propellants 


Excess  oxidant  ratio 


(\-l 


Density  of  alcohols  is  virtually  the  same  as  that  of  hydro¬ 
carbons.  The  density  of  alcohol-base  propellants,  however.  Is 
lower  than  that  of  propellants  based  on  kerosene.  This  Is  duo  to 
the  fact  that  tlio  combustion  of  a  unit  of  weight  of  alcohol  requires 
a  lesser  amount  of  oxidizer  than  the  same  amount  of  kerosene.  But 
since  the  density  of  any  oxidizer  Is  higher  than  that  of  the 
fuels  mentioned  ,  the  propellant  with  a  higher  oxidizer  content 
has  a  higher  density. 

In  the  early  days  of  rocket  technology,  when  the  great 
amovmt  of  heat  liberated  per  unit  volume  of  combustion  space 
created  unsurmoun table  difficulties  In  ensuring  a  reliable  cool¬ 
ing  for  rocket  engines,  the  calorific  value  of  propellants  with 
eilcohol  fuels  was  sufficient.  Moreover,  to  reduce  propellant 
combustion  temperature  and  at  the  same  time  Improve  the  cooling 
properties  of  the  fuel,  water  was  added  to  them.  At  the  present  time 
there  stir  exist  rockets  powered  by  alcohol  propellants  (for 
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exanpl®,  the  Aaerlcan  i^ocket  ‘^edatone’*  with  a  480-lcffl  range)  hut 
the  new  rockets  are  designed  for  other  fuels.  At  the  present 

*  t 

.stage  of  rocket  technology  the  problem  of  cooling  rocket  engines 
operating  with  highly. calorific  propellants  is  fully  solvable* 
Apparently  alcohols  as  the  fuel  of  rocket  propellants  have  already 
become  obsolescent. 

Amines  are  the  next  class  of  fuels.  Ihey  are  obtained  by 
replacing  in  an  ammonia  molecule  two  or  even  three  hydrogen 
atoms  by  hydrocarbon  radicals.  .  Depending  upon  the  amount  of  hydro¬ 
gen  atoms  replaced,  amines  may  be  primary  (only  one  hydrogen  atom 
is  replaced  by  a  radical  in  ammonia),  secondary  (two  atoms  are  re¬ 
placed)  and  tertiary  (all  three  atoms  are  replaced). 

/ 

Ihere  exists  ^  large  variety  of  aalnes^but  to  rocket  technb- 
logy  only  those  are  interesting  which  under  normal  conditions  are 
liquids  with  high  power  factors  and  acceptable  operational  pro¬ 
perties  . 

A  characteristic  of  amines  distinguishing  them  from  petroleum 
products  and  alcohols  is  their  increased  reactivity  which  changes 
depending  on  the  replacement  in  the  ammonia  molecule  of  hydrogen 
atoms  by  hydrocarbon  radicals^'..  ,  and  of  the  radicals  themselves. 

Amines  react  with  nitric-acid  oxidizers  to  form  hypergollo 
propellants. 

A  disadvantage  of  amines  is  their  considerably  higher  cost  .■ 
than  that  of  petroleum  products  and  their  high  toxicity  which 
affects  both  the  unprotected  parts  of  the  body  and  the  respiratory 
system.  Such  an  ea?eniatlc  amine  as  aniline  has  a  toxicity  200 
times  that  of  kerosene  (l.e.,  the  permissible  concentration  of 
kerosene  vapors  in  the  air  is  200  times  greater  than  toat  of 
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anllln  vapors)  and  twice  that  of  such  highly  toxic  a  substance 
as  nitric  acid.  Ihe  hazard  in  .handling  amines  is  aggravated  by 
the  fact  that  Unlike  nitric  acid  they  have  no  characteristic  odor,  henoe 
a  man  may  operate  for  some  time  in  an  atmosphere  polluted  with  amine 
vapors,  -be  seriously  poisoned  and  suffer  the  consequences  only  after 
some  time.  Amines  hitting  unprotected  parts  of  the  body  do  not 
strongly  irritate  them  but  have  the  property  of  penetrating  through 
the  skin  into  the  organism  where  they  produce  harmful  effects. 

Section  11.  Hydrazine  Fuels 

The  simplest  representative  of  this  class  of  fuels  (hydrazine) 
has  the  formula  HgK-HHg*  Characteristic  for  this  substance  is  the 
fact  that  its  molecule  contains  only  one  type  of  combustible  atom, 
hydrogen,  while  nitrogen  during  combustion  only  increases  gas  genera¬ 
tion  and  evolves  in  combastlon  products  in  a  free  form. 

Since  the  combustible  part  of  hydrazine  is  made  up  of  lOOjC 
hydrazine,  it  has  a  high  calorific  value. 

Hydrazine  molecules  are  formed  from  nitrogen  and'  hydrogen  atoms 

under  absorption  of  heat,  hence  it  is  an  endothermic  substance,,  'this 

being  'the  second  cause  for  the  substance's  high  calorific  value. 

•• 

Its  advantages  as  a  rocket  fuel  are  also  its  high  density 
(1.04  kg/llter)  and  high  boiling  point  (IIJ^C). 

Hydrazine,  however,  has  considerable  shortcomings.  Under 
normal  conditions  it  is  a  transparent  liquid  freezing  at  ■fl^O. 

Such  a  high  freezing  point  makes  it  Inconvenient  to  operate  with 
hydrazine  especially  in  the  winter.  If  stored  or  filled  into  the 
rocket  during  the  cold  season,  it  must  be  warmed.  An  eVen  greater 
drawback  is  its  tendency  to  explosive  decomposition  under  heating 
or  from  impacts.  There  are  also  other  disadvantages  of  lesser 
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importance:  oxidation.,  from  the  reaction  with  air  oxygen,  ita 
hygroscopic  natiire,  and  others,  which  somevdiat  complicate  Its 
handling  but  are  fully  surmountable.  .  . 

Hydrogen!  atoms  in  the  hydrazine  molecule  can  be  replaced  by 
other  atoms  or  atom  groups.  Compounds  in  >^ilch  hydrogen  atoms 
are  replaced  by  hydrocarbon  radicals  (methyl  GHj,  ethyl  and 

others}  are  known  as  alkylates^  ,  of  hydrazine.  A  nximber  of 
then  was  obtained,  and  they  differ  from  hydrazine  proper  by  their 
physico-chemical  properties  (density,  viscosity,  etc.)  and  calorifio 
value, 

Among  these,  the  most  interesting  ones  as  rocket  fuels  are 

methylhydrazlne  CHjHl}-NH2  and  unsymmetrlc  dimethylhydrazine 

(CH,)-N-NH  .  Ihese  substances  are  less  powerful  than  hydrazine 
^  2  2 

since  their  molecules,  beside  hydrogen,  contain  a'  considerable 
eimount  of  carbon  which  has  an  appreciably  lower  calorific  value. 
Iheir  advantage  consists  ivi  the  fact  that  they  are  liquid  oyer 

I 

a  wide  range  of  temperatures  which  considerably  facilitates 
their  utilization. 

Best  known  abroad  are  at  the  present  time  the  properties  of 
unsymmetrlc  dlmethylhydrazlno.  It  Is  a  liquid  freezing  at  -57.2®C, 
boiling  at  63,1°C,  with  a  density  of  0.783  kg/H ter  at  20®C. 

Characteristic  of  dlmethylhydrazlno  is  its  high  reactivity. 

Even  more  than  hydrazine.  It  combines  with  oxygen  from  the  air 
yielding  dlmethylamlno  and  water.  It  reacts  with  carbon  dioxide 
from  the  air  to  form  (CHj)2N-NH24c02  salts  which  are  not  soluble 
in  dimethylhydrazine  and  therefore  forra  a  solid  deposit,  V/hen 
stored,  dimethylhydrazine  must  not  come  in  contact  with  the  air 
because  of  ita  high  reactivity.  It  is  beet  stored  under  a  slight 


pressure  from  a  neutral  gas,  e.g,,  nitrogen. 

Pure  dlmethylhydrazlne  does  not  attacS:  construction  materials. 
Some  water  In  it  pjromotes  corrosion  of  aluinlnum  and  Its  alloys. 

It  has  a  fairly  high  heat  resistance  and- begins  to  decompose 
only  at  about  700  to  800°C.  Unlike  hydrazine,  neither  liquid 
nor  gaseous  dlmethylhydrazlne  explodes  from  Impacte  but  easily 
Ignites.  In  air  (Ignition  temperature  1®C,  self  Ignition  at  259?0), 
hence  It  must  be  regarded  as  Inflammable. 

Olmethylbydrazlne  should  be  stored  In  special  containers  far 
away  froai  other  buildings..  Ihe  containers  should  be  placed  under 
grovind  since  the  smallest  spark  from  static  electricity  may  cause 
a  fire. 

It  can  be  extinguished  wltli  water^ being  miscible  with  it  at 
all  ratios.  Water  dilutes  dlmethylhydrazlne  and  cools  It  at  the 
same  time.  Diluted  with  two  or  three  parts  water,  It  no  longer 
burns  in  the  open  air.  Another  effective  extinguisher  Is  carbon 
dioxide,  \diereas  chemical  foams  commonly  used  as  fire  extinguishers 
are  unsuitable  for  this  purpose. 

The  high  chemical  reactivity  of  dlmethylhydrazlne  makes  It 
a  valuable  propellant  component.  With  liquid  oxygen  It  yields  a 
propellant  with  forced  Ignition,  and  with  nitrlc-aold  oxidizers 
it  forms  hypergollc  propellants.  Compared  with  other  self-lgnltlng 
components,  dlmethylhydrazlne  has  a  very  short  ignition  delay  with 
nitrlc-acld  oxidizers  (of  the  order  of  0,005  sec  )  which  depends 
but  subtly  on  the  temperature  of  components. 

It  is  well  soluble  not  only  In  water  but  also  In  hydrocarbon 
fuels,  it  is  toerefore  possible  to  obtain  hypergollc  fuels  based 

i 

on  dlmethylhydrazlne  with  the  aid  of  commonly  available  and  In¬ 
expensive  petroleum  products  such  as  kerosene,  Self-lgnltlng 
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fuels  with  an  acceptable  Ignition  delay  time  (not  exceeding  0.03 
see)  aira  obtainable  by  mixing  it  with  keroaene.  The  content  of 
the  latter  piay  attain  4(^.  Dimethylhydrazine^keroaehe  mixtures 
chazige  their  ,  i^ltion  delay  time  on  contact  with  nitric-acid 
oxidizers  more  abruptly  i^th  Increasing  temperatures  than  pure 
dlnsthyl^  ^ydratine* 

Beixzg  a  highly  toxic  substance*  it  must  be  handled  with  the 
greatest  care.  All  hydrazine  fuels  have  the  same  properties  as 
alkalis*  but  unlike  the  latter  they. cause  no  irritation  of  the 
skin.  Konetheless  there  must  be  kept  away  from  it  because  they 
penetrate  into  the  body  where  they  are  very  harmful.  Dimethyl  - 
hydrazine  has  a  sharp  (haraoteristic  odor.  Very  small  amounts  of 
it  can  be  detected  in  the  air.  Toxicity  of  hydrazine  and  dimethyl- 

t 

hydrazine  is  twice  that  of  nitric  acid.  Protective  goggles  aiid 
gloves  are  recommended  for  the  handling  of  smaller  amounts,  whereas 
larger  amounts  require  protective  suits.  As  soon  as  dimethyl- 
hydrazine  odor  is  detected  in  the  air,  gas  masks  must  be  put  on. 
Splashes  of  the  substance  can  be  washed  from  the  clothes  with  large 
amounts  of  water.  Prior  to  reusing  the  clothes,  they  must  be 
thoroughly  washed.  Dimethylhydrazine  is  a  powerful  poison,  hence 
it  may  not  be  poured  into  the  drain  systeis  under  any  circumstance. 

Section  12.  Fuels  of  tlie  Future 

It  was  said  earlier  that  of  all  chemical  fuels  hydrogen  has 
the  highest  calorific. value.  The  high  efficiency  of  rocket  pro¬ 
pellants  based  on  hydrogen  is  due  on  the  one  hand  to  its  high 
calorific  value  and,  on  the  other,  to  the  low  molecular  weight 
of  combustion  products  formed.  It  was  held  until  recently  that 
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under  service  conditions  liquid  hydrogen  would  be  eo  Inconvenient 

and  hazardous  to  handle  that  it  night  never  be.  used  as  a  component 

* 

of  rocket  propellants.  ‘ 

The  main  drawback  of  liquid  hydrogen  Is  Its  low  boiling  point 
which  Is  -254°C,  l.e,,  71®C  below  that  of  liquid  oxygen.  This 
causes  difficulties  In  storing  and  transporting  large  amounts  of 
liquid  hydrogen. 

Low  density  (0.07  kg/llter)  is  another  serious  disadvantage. 

Mixtures  of  hydrogen  with  air  over  a  wide  range  of  ratios 
are  highly  explosive  and  this  Is  a  thli^d  disadvantage  creating 
conspicuous  difficulties.  Mxtures  containing  from  4  to  hydrogen 
explode  from  the  smallest  shobk.  Impact,  spark. 

Hazards  In  handling  liquid  hydrogen  may  arise  from  contamina¬ 
tions  with  oxidizers  or  from  accidental  spllllngs  and  leaks.  TO 
prevent  explosions,  pipes  and  containers  must  periodically  be 
blown  through  with  an  Inert  gas.  In  the  case  of  leaks,  the  premises 
must  be  rapidly  cleared  of  hydrogen  vapors  by  means  of  thorough 
ventilation.  To  reduce  the  hazard  from  explosive  air-hydrogen 
mixtures,  all  equipment  operating  with, liquid  or  gaseous  hydrogen 
should  be  placed  out  of  doors  where  hydrogen  vapors  can  diffuse 
In  the  air  without  creating  dangerous  concentrations.  To  prevent 
air  oxygen  from  penetrating  Into  the  equipment  and  containers 
filled  with  liquid  or  gaseous  hydrogen,  these  must  always  be  kept 
under  a  small  excess  pressure. 

Practice  shows  that  hydrogen  spllllngs  present  no  serious 
hazard  If  there  Is  no  Ignition  source  nearby.  Small  spllllngs 
evaporate  ver^  rapidly  and  hydrogen  diffuses  In  the  atmosphere. 

V/hen  ignited.  It  burns  smoothly,  without  explosions!  Its  flame 
Is  colorless,  hence  It  Is  invisible  in  daylight. 
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storing  liquid  hydrogen,  as  any  oUier  low-bolllng  liquid* 
eiitalls  eve^orlzatlon  losses,-  the  prevention  of  which  Is  com|^il« 
cated  by  Its  extremely  low  boiling  point,  ' 

Among  the  features  of  liquid  hydrogen  as  a  rooket  propellant 
component,  Its  high  energy  and  good  cooling  power  should  be  noted, 
compared  with  hydrazines  and  petroleum  products,  hydrogen  forms 
propellants  with  appreciably  high  specific  Impulses.'  Yet,  they 
have  a  very  -low  density.  Hence  It  Is  obvious  that  liquid  hydrogen 
can  only  be  effective  If  used  In  super>long:  range  rockets  for  which 
propellant  density  Is  far  less  Important  than  specific  Impulse* 

At  the  present  time,  the  problems  relating  to  storage, 
transport,  transfer  as  well  as  production  of  liquid  hydrogen  are 

tr 

basically  solved.  The  USA  ore  fi^ntenslvely  working  on  the  design 
of  rocket  engines  powered  by  liquid  hydrogen  and  oxygen.  Pratt- 
Vfliltney  has  developed  a  reactive  engine  with  a  7-ton  thrust  which 
uses  liquid  hydrogen  as  a  fuel  and  liquid  oxygen  as  the  oxidizer.  . 

j 

The  creation  of  an  operating  rocket  engine  powered  by  liquid 
hydrogen  shows  that  the  difficulties  in  operating  with  this  fuel 
are  by  no  means  un surmountable.  Considering  its  hi^  energy  as 
well  as  the  availability  and  low  cost  of  the  raw  material,  for  Its 
production  (hydrocarbons  derived  from  petroleiua  distillation).  It 
may  be  expected  that  it  will  be 'widely  "Used  In 'rocket',  technology  In 
the  near  future. 

Boron  Hydrides 

Their  molecule  oomprlses  atoms  of  two  elements  with  the  highest 
calorific  value,  boron  and  hydrogen.  Boron,  like  carbon,  forms  a 
large  number  of  compounds  with  hydrogen  which  has  various  physlco- 
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chemical  propertlea. 

The  energy  factors  of  boron  hydrides  depend  on  their  elementary 
composition.  The  higher  the  number  of  hydrogen  atoms  per  boron 
hydride  fuel,  the  greater  ia  its  cadoriy^ic  value  and  its  gas-<f6rming 
capacity. 

The  simplest  representative  of  this  class  of  compounds  is 

diborane,  under  nonmal  conditions  a  gas  igniting  on  contact 

2  0  * 

with  air.  Compounds  vith  a  higher  molecular  weight  are  under 
normal  conditions  either  liquid  or  solid.  Thus,  pentaborane. 

BjHj,  la  a  liquid  boiling  at  58®C  and  solidifying  at  -47®C.  Its 
density  at  20®C  is  0.72  kg/llter.  Decaborane,  la  a 

white  crystalline  solid. 

The  most  interesting  one  as  a  Jet  fuel  is  pentaborane.  Its 
density  is  about  10^  less  than  that  of  gasoline  but  its  oalorifio 
value  exceeds  that  of  gasoline  by  34^.  It  may  be  a  valuable  fuel 
for  turbo-jet  and  ram-Jet  engines.  A  characteristic  feature  of 
pentaborane  Is  its  high  rate  of  combustion  in  the  engine  chamber, 
exceeding  by  several  times  that  of  conventional  hydrocarbon  fuels. 
This  property  permits  the  design  of  engines  wl^  short  combustion 
chambers.  Consequently,  the  size  of  the  aircraft  itself  may  also 
be  considerably  reduced. 

Gaseous  and  liquid  boron  hydrides  are  thermally  unstable 
compounds.  On  heating  they  decompose  bo  intensively  that  decom¬ 
position  occasionally  ends  in  an  explosion.  This  property  com¬ 
plicates  operations  with  these  compounds.  This  is  further  com¬ 
plicated  by  their  exceedingly  high  toxicity.  In  fact,  deborane 
and  pentaborane  vapors  are  four  to  five  times  more  poisonous  than 
nitric  acid  vapors. 

A  disadvantage  of  boron  hydrides  is  their  low  density.  Some 
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of  theia  have  a  low  eelf-lsnltlon  point.  Thus*  pentaborane  ignites  . 
spontaneously  at  >65.5  C.  If  stored  under  natural  condltlon^^ 
such  a  fuel  may  spont^paeously  Ignite  in  the  suamer. 

By  replacing  In  the  boron  hydride  molecule  one  or  sever*! 
hydrogen  atoms  by  a  hydrocarbpxi.  radical  we  can  obtain  the  so* 
called  boron  hydride  aj.kylates  which  have  better  operational 
charaoterlstics  than  the  boron  hydrides  themselves.  Mkyl 
boron  hydride  molecules  bonslst  of  atoms  of  three  elements,  boron, 
hydrogen  and  carbon.  The  presencei  of  carbcm  atoms  somewhat 
lowers  their  calorific  value  with  respect  to  that  of  boron 
hydrides,  but  at  the  same  time  It  increases  Its  density,  con¬ 
siderably  reduces  toxicity  and  Increases  heat  resistance. 

In  the  USA, ’  “*  Jet  engines  are  powered  by  alkyl  boranes 

of  two  brands,  HEF-2  and  HEP-5.  By  the  physico-chemical  pro¬ 
perties  of  these  fuels  it  may  be  assumed  that  HEF-2  is  ethyl 
pentaborane,  C2^5®5^8  HEF-5  Is  ethyldocaborane,  C2H5Bj^qH2^ j . 

Under  normal  conditions  these  bo rohydro carbons  are  liquids. 

Their  density  Is  of  the  order  of  0.8  to  O.85  kg/llter  while 
that  of  pentaborane  is  only  about  0,62  kg/llter,  Ihelr  burning 
rate  in  the  engine  combustion  chamber  Is  considerably  higher  - 
than  that  of  conventional  hydrocarbon  rocket  fuels. 

Introduction  of  a  carbon  atom  In  the  boron  hydride  mole- 

,  -t 

oule  sharply  reduces  its  toxicity.  Thus,  if  pentaborane  is 
400  to  600  times  more  toxic  than  aviation  gasoline,  ethylpenta- 
borane  Is  virtually  as  poisonous  as  are  petroleum  products.  Boro- 
hydrocarbon  fuels  have  a  higher  stability  than  boron  hydrides; 

They  do  nOt  decompose  under  the  effect  of  moisture  or  if  heated 

I* 

to  a  temperature  not  exceeding  250°C.  Yet,  they  have  a  considerably- 
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lower  thermal  stability  than  hydrocarbon  compounds.  If  stored 

for  long  periods  of  time  at  ambient  temperature  they  are  subject 
A 

to  polymerization  which  ylelda  solid,  unsoluble  substances  idxloh 
are  being  readily  deposited.  The  presence  of  Impurities  In  boro- 
hydrocarbon  compounds  enhances  polymerization. 

Table  6  gives  the  calorific  valuesof  deborane,  sOmS  boro- 
hydrocarbon  compounds  and  kerosene  as  they  buz*n  in  oxygen, 

imuL. 

Calorific  Value  of  Boron-Hydrocarbon  Conpounda  aad  Kerosene 


I  I 


Compound 


Formula  Calorific  value  of  fuel 

kcal/kg 


Dlborana 
Methyl  dlborana 
Tetraethyl  dlborana 
Ethyl  dlborana 
Trlathyl  borana 
Karoaana 


<B2R6 

CH3(B2H5) 

<C2H5)B2H2 

C2H5(B2H5) 

B(C2H3)3 

C7H16 


17  390 
14  400 
11  700 
13  900 
11  100 
10  230 


We  see  that  the  calorific  value  of  all  the  borohydrocarbon 
.compounds  Is  higher  than  that, of  kerosene  but  lower  than  that  of 
the  starting  mixture,  boron  hydrlde-deborane. 

Boron-con talnlng  fuels  have  a  high  heating  value,  but  they 
are  used  only  with  ram- Jet  and  turbo-jet  engines  powered  by  con- 

S' 

ventlonal  fuels,  the  boron-containing  fuel  being  Injected  behind 
the  turbine.  These  fuels  cannot  be  used  with  turbo-jet  engines  as 
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the  bftslo  fuel  since  the  coxabustlon  producti  '  of  boron,  boron 

•  ••  ■  * 

oxide,  has  a  high  boiling  point  (1500°C),  Hence  in  the  engine 
oombuetlon  chamber,  alons  with  gases,  solid  boron  oxide  particles 
will  be  foz*med  which,  during  passage  of  propellant  combustion  pro¬ 
ducts  through  the  turbine  foi'm  an  incruetation  on  the  isipeller 
blades  which  disrupts  the  turbine's  normal  operation. 

the  expediency  of  using  boron  fuels  with  robket  engines 
powered  by  liquid  compellants  appears  to  be  doubtful.  The  chief 
disadvantage  of  these  fuels  can  In  this  case  be  explained  by  the 
hi^  molecular  weight  of  the  comtustion  products  of  boron  (e.g., 
B2O2  has  the  molecular  weight  60),  hence  the  efficiency  of  pro¬ 
pellants  with  boron- containing  fuel  components  exceeds  only  slight 
ly  that  of  propellants  with  conventional  hydrocarbon  fuels. 

High  energy  propellants  based  on  boron  hydrides  can  be  ob¬ 
tained  if  nitrogen-containing  substances  are  used  as  oxidizers. 

In  such  combinations  the  role  of  oxidizer  is  played  by  the 
nitrogen  atom. .  there  is  reason  to  believe  that  when  nitrogen  ' 
combines  with  boron,  large  amounts  of  heat  are  evolved  since 
boron  nitride,  BN,  appears  to  be  a  substance  having  a  great 
heat  of  formation. 

Reaction  between  boron  hydride  and  nitrogen  hydride  (ammonia 
or  hydrazine)  takes  place  according  to  the  following  equation: 

SNHj  5BN  4‘-12H2 

This  yields  a  solid,  boron  nitride,  and  releases  largo  amounts  of 
elemental  hydrogen.  Hence  the  mean  molecular  weight  of  the 
flue  GS-ses  of  such  a  propellant  will  be  close  to  that  of  hydrogen 
viz.,  2.  preliminary  computations  show  that  despite  a  high 
percentage  by  weight  of  solid  boron  nitride  particles,  in  com¬ 
bustion  products  of  the  propellant  boron  hydride  plus  nitrogen 


hydride  It  will  highly  efficient  If  used  In  rocket  engines. 

Boron,  as  well,  as  some  metals  (aluminum,  magnesluza),  com¬ 
bustion  of  which  evolves  large  amounts  of  heat,  can  be  used  with 
fuel  components  of  rocket  propellants  as  additives  ic  ttie  fora  of 
fine  powders  (suspensions)  to  liquid  hydrocarbons.  The  possibility' 
of  preparing  a  suspension  of  metal  powders  in  kerosene  with  a 
solid  phase  content  up  to  has  been  experimentally  proved,. 

Such  compounds  have  a  good  fluidity  which  per.i:its  them  to  be 
normally  fed  into  the  combustion  chamber  of  the  engine.  Com¬ 
bustible  suspensions  warrant  specific  impulses  in  ram-Jet  air¬ 
craft  engines  exceeding  by  30^  those  resulting  from  pure  kerosene. 
Combustion  of  the  latter  requires  appreciably  more  oxygen  than  ^  ' 
combustion  of  the  same  amount  of  metals  (3-  to  3,5-fold).  Com- 
bustlble  suspensions  are  therefore  particularly  valuable  for 
hlgh-altltude  flights.  The  celling  of  aircrafts  powered  by  such 
fuels  will  be  higher  than  if  tliey  were  powered  by  conventional 
aviation  gasoline. 

At  the.  present  time,  aluminum,  boron  and  magnesium  aura 

f 

technically  accessible'  substances  considered  suitable  for  pre¬ 
paring  metal-base  fuels.  Magnesium  is  highly  reactive,  hence  It 
has  also  a  higher  burning  rate  in  the  engine  chamber.  It  Is  . 
easier  ground  Into  fine  powder  than  other  metals,  this  being 

f  V 

one  of  the  primary  conditions  for  preparing  suspensions  with 
acceptable  properties  (fluidity,  stability,  completeness,  of 
combustion  in  the  engine).  For  this  reason  magnesium  suspensions 
in  hydrocarbon  fuels  are  of  the  greatest  interest.  It  should 
be  borne  in  mind  that  metal-base  fuels  yield  good  results  only 
if  used  with  ram-Jet  engines.  Because  of  Ihe  high  boiling  point 
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of  metal  oxides  and  the  conslderal^le  molecular  weight  of  ooa- 
bust! on  products  their  use  in  rocket  engines  is  not  likely  to 
.b«  expedient. 

Ft??  RadiQiij 

a 

Ihlt  is  one  of  the  possible  energy  sources  for  rocket  te^- 
nology.  Free  radicals  are  fragments  of  molecules  having  no ' 
eharge.  t^olecules  can  be  disintegrated  by  the  action  of  various 
factors,  e«g«,heat,  Irradiation,  etOk  Thus,  if  a  methyl  alcohol 
aoleouli,  OH^OH,  is  heated  to  high  temperatures  it  will  break  up 
into  radicals,  ^the  methyl  radical  OH^,  and  the  hydroxyl  radical 
OH.  Buch  a  cleavage  requires  large  amounts  of  heat.  When  th# 
aetliyl  and  hydroxyl  radicals  recombine  there  again  forms  a  mola* 

OUlf 

,  I' 

01^  4  OH  CHjOH 

of  methyl  alcohol,  and  the  amount  of  heat  evolved  is  equal 
to  that  used  for  the  dlasoolatlon  of  that  molecule. 

I 

Free  radicals  are  obtainable  not  only  from  molecules  of 
complex  substances  but  also  from  those  of  such  simple  substances 
as  hydrogen,  oxygen,  nitrogen  and  others. Dissociation  of  molecules 
of  simple  substances  yields  radicals  in  the  form  of  free  atoms. 

Ohe  state  of  a  substance  in  the  form  of  free  radicals  is 

highly  unstable.  At  ambient  vtemperature  and  pressure,  free  . 

radicals  can  practically' hot  exist,  they  combine  with  each  other 

to  form  stable  molecuies'^md  evolve  heat.  The  merit  of  free 

radicals  as,  a  source  of  energy  is  .their  high  calorific  value.^ 

Conversion  of  one  kilogram  atomic  hydrogen  to  molecular' hydrogen 
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evolves  an  amount. of  heat  equalling  50,000  kilocalories#  llolecular 
hydrogen  may  during  this  process  attain  a  temperature  of  l'2,O0O?C,. 
Recombining  of  free  atoms  of  other  simple  Substances  or  fr.a&nents 
of  molecules  of  complex  substances  involves  the  liberation  of 
lesser  amounts  of  thermal  energy  than  when  hydrogen  atoms  opmblnec 
However,  free  radicals  even  if  obtained  from  the  dissociation 
of  heavy  molecules  of  complex  substances  have  a  heating  value  5 
to  10  times  that  of  common  bipropellants. 

As  an  energy  source,  the  application  of  free  radicals  is  at 
an  Initial  stage.  No  practically  applicable  methods  for  their 
large-scale  production,  lasting  storage  or  measures  ensuring  safety 
In  handling  them  have  been  devised  as  yet.  At  the  present  time  . 
Investigations  Into  the  nature  of  free  radicals  are  being  con«^- 
ducted  In  laboratories  abroad.  lUiese  studies  are  being  carried  out 
at  yery  low  temperatures  in  a  higli  vacuum,  since  only  under  these 
conditions  a  more  or  less  lasting  existence  of  free  radicals  can 
be  ensured. 

Their  durable  storage  represents  one  of  the  toughest  problems. 
Some  samples  obtained  In  the  laboratory  could  be  stored,  before  they 
combined,  for  varying  periods  of  time  depending  on  storage  condi¬ 
tions.  Thus,  neon  atoms  from  the  moment  they  were  obtained  In  an 
unsteady  state  until  they  convert  to  a  stable  condition  can  be 
stored  at  -263°C  during  25  sec.  At  -268°C  they  can  be  kept  fpr 
years. 

As  a  source  of  energy  free  radicals  are  Interesting  not  only 
in  their  pure  form  but  also  as  mixtures  with  conventional  rocket 
propellEint  components.  If,  e.g.,  •..liquid  oxygen  contains  bhly 
about  1^  free  radicals  (atomic  oxygen) ,  the  energy  factprh  of 
propellants  based  on  such  an  oxidizer  (together  with  a-  fuel) 
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will  exceed  by  205S  those  of  common  oxygen  propellants  with  the 
Identical  fuel. 

At  the  present  time  the  development  of  rocket  technology 
has  reached,  very  high  levels,  especially  In  the  Soviet  Union, 
the  country  of  the  builders  of  Communism,  Manned  space-ships 
capable  of  staying  in  orbit  for  long  periods  of  time  are  evidence 
of  the  fact  that  the  day  when  man  will  set  foot  on  other  planets 
of  the  solar  system  and  return  to  the  earth  Is  no  longer  far 
away, 

'Qie  designs  of  space  ships  and  their  control  systems  have 
reached  a  high  degree  of  sophistication,  as  is  evidenced  by  the 
successful  flights  of  Soviet  cosmonauts.  Yet,  great  difficulties 
are  still  In  the  way  of  manned  flints  to  other  planets  of  the 
solar  system.  These  difficulties  are  chiefly  due  to  an  Insuffi¬ 
cient  efflclenjiyof  propellants  used  at  the  present  time  by  rocket 
technology.  Computations  shoy/  that  a  space-ship  capable  of  taking 
a  man  to  the  moon  and  returning  him  to  the  earth  is  boxuid  to  have 
a  considerable  weight,  most  of  It  made  up  by  the  propellant. 

Liquid  rocket  propellants  In  use  today  have  a  comparatively 
concentration  of  energy  per  unit  weight.  Hence  any  further  effort 
to  conquer  outer  space  must  be  chiefly  aimed  at  devising  new 
formulas  of  rocket  fuel's  more  efficient  than  the  existing  ones. 

It  Is  pointed  out  that  large- 8caQ.e  application  In  space  rockets 
of  propellants  based  on  fluorine  oxidizers  and  using  liquid  hy¬ 
drogen  -as  a  fuel  will  be  possible  In  the  near  future.  Compared 
with  oxygen-base  propellants,  and  especially  those  based  on 
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nltrlo  acid,  these  propellants  are  considerably  more  powerful. 

Yet,  even  fluorine-base  propellants  are  not  likely  to  satisfy 
the  energy  requirements  for  flights  to  .  obelestlal  bodies  at  ,, 
great  distances  from  the  ea^tiv. 

Utilization  of  free  radicals  yhlch  in  terms  of  energy  exeeed 
tens  of  times  the  conventloned  liquid  propellants,  will  be  the 
next  step  In  tlie  conquest  of  outer  space.  Even  more  tempting 
Is  the  application  to  rocket  engines  of  nuclear  fuel  provided 
the  energy  contained  In  it  can  be  put  to  full  use.  The  solution 
of  the  problem  of  efficiently  using  nuclear  fuel  In  rocket  engines 
will  at  the  sajne  time  solve  the  problem  of  long-lasting  mann'ed 
fll£^ts  In  outer  space,  l.e.,  the  virtual'  establishment  of 
Interplanetary  coMuni cations. 

4 
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Footnotes 


1 

In  principle,  a  third  method  of  obtaining  monopropell«nts  Is 
possible.  It  consists  In  utilizing  the  energy  of  free  radicals 
At  the  present  time,  however,  it  has  no  practical  value  and  Is 
therefore  not  shown  in  Fig,  1  (see  Section  12). 


2 

Latent  heat  of  vaporization  is  the  amount  of  heat  necessary  to 
vaporize  1  kg  of  liquid  heated  to  boiling  point. 


3 

Ideal  oombustion  temperature  Is  propellant  combustion  tempera^ 
ture  without  'heat  losses. 


Polymerization  la  the  process  combining  several  moleoules  into 
one  large  molecule. 
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